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Kosmos 60 is today the most talked about 
furnace black for reinforcing natural and synthetic 
rubber. It originates from oil, and its manufac- 
ture is scientifically controlled to meet the highest 
standards. Its superb processing and balance of 
strength make for the best in rubber products. 


UNITED CARBON COMPANY, INC. 
Charleston 27, W. Va. 


New York © Akron @ Chicago ® Boston © Memphis 
Canada: Canadian Industries (1954) Limited. 


| 
F \ H A 
eam! \ | 
KOSMOS 6 60 | 
N 
| 


CARBON BLACKS 


i” 


SONTINENTAL 


ontinental has every type of channel and fur- 
ace black for natural and synthetic rubber. 
hey’re listed at the right. 


ality: The proof is in the reports of our cus- 
ymers’ laboratories, and we know our blacks, 
ade specifically for your purposes, are tops in 
eir field. 


search: Add up the Witco Research and Tech- 
mical Service Laboratory at Akron, the Research 
aboratory at Amarillo, and the convenience of 
ur local offices. Multiply by 37 years of sales 
xperience. The result is a “Service Factor” 

at reduces your purchasing problems to 
nerely specifying amounts and delivery dates, 


87 Years of Growth 


Witco-Continental CARBON BLACKS 


Furnace Continex® SRF — Semi-Reinforcing 
Blacks Continex SRF-NS — Non-Staining 
Continex HMF — High Modulus 
Continex HAF — High Abrasion 
Continex FEF — Fast Extruding 
Continex ISAF — Intermediate 
Super Abrasion 
Continex CF — Conductive Furnace 
Channel Continental® AA — (EPC) — Witco No. 12 
Blacks Continental A— (MPC) — Witco No. | 
Continental F — (HPC) — Witco No. 6 
Continental R-40 — (CC) —Conducting 


wirco CHEMICAL COMPANY 
CONTINENTAL CARBON COMPANY 


122 East 42nd Street, New York 17, N.Y. 
Chicago Boston + Akron + Atlanta » Houston + Los Angeles » Son Francisco + London and Manchester, England 
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Every two hours during production 
PHILBIACK’ must pass rigorous screen tests! 


The Philblacks are noted for 
their freedom from grit. Water 
wash tests and other evaluation 
checks maintain Philblack’s high 
standards of quality. 


Samples of cured rubber con- 
taining Philblack are tested for 
ability to stand stress, strain and 
abrasion . . . and further tested 
for other properties important 
to the rubber industry. 

Philblack’s constant quality 
controls and tests assure you of 
exceptionally high quality, uni- 
form carbon blacks. You can 
depend on the Philblacks. Write 
your Philblack representative 
for full information. 

*A trademark 


Meet the PAilblacks/ 


DISCOVER WHAT THEY'LL DO FOR YOU! 


Philblack A FEF Fast Extrusion Furnace Black 
Ideal for smooth tubing, accurate molding, satiny finish. 
Mixes easily. High, hot tensile. Disperses heat. Non-staining. 


Philblack | ISAF intermediate Super Abrasion Furnace Black 
Superior abrasion resistance at moderate cost. Very high re- 
sistance to cuts and cracks. More tread miles at high speeds. 


Philblack © HAF High Abrasion Furnace Black 
For long, durable life. Good electrical conductivity. Excellent 
flex. Fine dispersion. 


Philblack E SAF Super Abrasion Furnace Black 
Toughest black on the market. Extreme abrasion resistance. 
Withstands aging, cracking, cutting and chipping. 


Phillips PHILLIPS CHEMICAL COMPANY, Rubber Chemicals Division, 318 Water St., Akron 8, Ohio 
66 Export Sales: 80 Broadway, New York 5, N. Y. 
West Coast: Harwick Standard Chemical Company, Los Angeles, California. 


Entered as second-class matter March 19, 1943, at the Post Office at Lancaster, Pa., under the Act of 
August 24, 1912. Acceptance for mailing at ial rate of postage provided for in paragraph (d-2), 
Section 34.40, P. L. and R. of 1948, authorized tember 25, 1940. 
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SHARPLES Brand 


DIPAC 


Diisopropy! 


DIPAC* is « new delayed action lerator d d tox modern high temper- 


B c 


88 > 


Sulfur 

Benmthiary! Disuihde 
Cyclohery! Sulfenamide 


Totals 165 08 164 75 


MOONEY SCORCH @ 248°. 
B 


MINUTES 


© BENZOTHIAZYL DISULFIDE 
CYCLOHEXYL SULFENAMIDE 
® DIPAC 

A. 


CURING TIME — MINUTES @ 284°7 


‘SHARPLES brad CHEMICALS. .. products of 
INDUSTRIAL DIVISION, PENNSYLVANIA SALT MFG. CO. 


Pennsalt 500 Filth Mow York + 806 Jockson Boulevard, Chicegu 1065. Main Akron 
Chemicals Office Pe 
Martin, Hoyt & Milne inc, ton Franciece * Les Angeles Seattle 
Chemicals of Conede 605 Joma: Street North Onene 
Compeny Mew Tork 
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PRODUCT 
DESERVES 


Pont 
Rubber 


Chemicals 


DEPENDABLE IN PERFORMANCE 


UNIFORM IN QUALITY 


E. L. du Pont de Nemours & Co. (Inc.) 


Elastomer Chemicals Department 


ACCELERATORS 
Accelerator 89 
Accelerator 552 
Accelerator 808 
Accelerator 833 
MBT 


Thiurom E 
Thiurom M 
Thiuram M Grains 
Zenite 

Zenite A 

Zenite Special 


NA-22 
Permalux 
Polyac 
Tepidone 
Tetrone A 
Thionex 
Thionex Groins 


MBTS 


ANTI-OXIDANTS 

Atrofiex CD 
Antox 
Neozone A 


Neozone D 
Permalux 


Akrofiex C Thermofiex A 


AQUAREXES 
Aquorex D Aquorex ME 
Aquorex G Aaquorex NS 
Aquare» | Aquorex SMO 
Aquorex MDL Aquarex WAG 


BLOWING AGENTS 
Unicel ND Unicel S$ 
COLORS 
Rubber Dispersed Colors 
Rubber Red PBD 
Rubber Red 280 
Rubber Yellow GD 
Rubber Green FD 


ORGANIC ISOCYANATES 
Hylene®M 
Hylene®M-50 
Hylene*T 
PEPTIZING AGENTS 
RPA No. 2 RPA No. 5 
RPA No. 3 RPA No. 6 
RPA No. 3 Concentrated 
RECLAIMING CHEMICALS 
RPA No. 3 
SPECIAL-PURPOSE CHEMICALS 
Berek — Accelerator ac- ing agent 
tivator HELIOZONE — Sun-check- 
Copper inhibitor x-872- ing inhibitor 
—Inhibits catalytic ac NBC —Iinhibits weather 
cracking of GR-S 
RETARDER W—Acceler- 


ator retarder 


Rubber Green GSD 
Rubber Blue PCD 
Rubber Blue GD 
Rubber Orange OD 


Hylene*TM 
Hylene®TM-65 


Endor 


RR-10 


tion of copper on elas- 
tomers 


Elastomer lubricot- 


“REG. U. S. PAT. OFF. 


DISTRICT OFFICES: 


Akron 8, Ohio, 40 E. Buchtel Ave..... 
Atlante, Ga., 1261 Spring St., N.W 
Boston 10, Mass., 140 Federal St... . 
Charlotte, N. C., 427 W. 4th St 
Chicago 3, tll., 7 South Dearborn St 
Detroit 35, Mich., 13000 W. 7-Mile Rd UNiversity 4-1963 
Houston 25, Texas, 1100 E. Holcombe Bivd.......JAckson 86-1432 
Los Angeles 58, Colif., 2930 E. 44th St LUdiow 2-6464 
Trenton 8, N. J., 1750 No. Olden Ave.. 
Wilmington 98, Del., 1007 Market St Olympio 4-5121 
In New York coll WAlker 5-3290 
in Conede contact: Du Pont Company of Canada (1956) Limited, 
Box 660, Montreal. 


POrtage 2-846) 
TRinity 5-539) 
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Now-a “living textbook’’ 


for the rubber industry! 


Pictured above is the beginning of a new service to 
you from Goodyear, the leading supplier of light- 
colored synthetic rubbers. It’s a Tech Book for the 
Rubber Industry—a compilation of technical informa- 
tion on raw materials manufactured by the Chemical 
Division for use in rubber products, 


In the Tech Book, you’ll find answers to such questions 

as: What are the physical properties of PLIOFLEX 

1006? Which of the PLIOFLEX rubbers are oil-extended? 

How does the new CHEMIGUM N-6B differ from its 

sister nitrile rubbers? How do you compound 

CHEMIGUM. N-7 to meet Specifications AMS 7274C? Pliofiex 

And you'll also find similar information on PLIOLITE 

S-6B—the rubber reinforcing resin—and WING-Stay S 

—a nonstaining antioxidant. 

What’s more the Tech Book, as it now stands, is just 

the beginning. It’s in a convenient, loose-leaf form 

so that it can be kept alive and up-to-date 4 

with periodic bulletins. Write today, on com- 

pany letterhead, for your free Tech Book and ¢ 

the start of the complete story on PLIOFLEX, 

CHEMIGUM and related products. The address: “= 2 

Goodyear, Chemica! Division, Akron 16, Ohio. * Rubber Chemicals 
Department 


general purpose 
styrene rubber 


Chemigum, Pliofiex, Pliolite, Plio-Tuf, Pliovie, Wing-Stay~T. M.'s The Goodyear Tire & Rubber Company, Akron, Ohio 


CHEMIGUM © PLIOFLEX + PLIOLITE + PLIO-TUF + PLIOVIC + WING-CHEMICALS 


High Polymer Resins, Rubbers, Latices ond Related Chemicals for the Process Industries 
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our labs, our staff, 
our specialized experience 


We'd like to help with your formulat- 
ing, processing and marketing prob- 
lems. We may save you time and 
expense as we've been in the synthetic 
rubber field a long, long time. 


Yours to command are these years of 
specialized experience in the develop- 
ment, processing and application of 
solid crudes and liquid polymers... 
plus a recently organized technical 
team devoted exclusively to the devel- 
opment of BuTYL rubber. 


Call on us. We may be studying one 
of your problems right now. In fact, 
some of your current headaches may 
have already been cured in our labs. 


Please consider our technical data, ex- 
perienced staff and modern facilities 
completely at your disposal. For more 
information, write today to: THIOKOL 
CHEMICAL CORPORATION, 780 North 
Clinton Ave., Trenton 7, New Jersey. 
In Canada; Naugatuck Chemicals Di- 
vision, Dominion Rubber Company, 
Elmira, Ontario. 


PIONEER MANUFACTURER OF SYNTHETIC RUBBER 


THIOKOL CHEMICAL CORPORATION + 780 North Clinton Ave. + Trenton 7, New Jersey 


®@ Registered Trademark of the Thiokol Chemical Corporation for its liquid 
polymers, rocket propellants, plasticizers and other chemical products. 
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Philprene. 
*A Trademark 


rubbers to fit your 
special requirements! 


That's right! There are 19 non-pigmented and pigmented 
Philprene polymers to choose from! That means you can 
select a Philprene that's tailor-made for your purpose. . . 
one which will give you the physical characteristics and proc- 
essing qualities you need in your product, one which is best 
suited to your manufacturing facilities. 


To help you select that Philprene, Phillips maintains a 
practical, technical advisory service. Call our technical rep- 
resentative for a consultation on your 
problems. We are glad to assist you in 
the efficient and profitable use of 


CURRENT PHILPRENE POLYMERS 


NON-PIGMENTED 


PIGMENTED WITH PHILBLACK* 


HOT 


PHILPRENE 1000 PHILPRENE 1009 
PHILPRENE 1001 PHILPRENE 1010 
PHILPRENE 1006 PHILPRENE 1018 
PHILPRENE 1019 


PHILPRENE 1100 
(Pigmented with EPC Black) 


PHILPRENE 1104 


PHILPRENE 1500 
PHILPRENE 1502 
PHILPRENE 1503 


PHILPRENE 1601 
PHILPRENE 1605 


PHILPRENE 1703 PHILPRENE 1708 
PHILPRENE 1706 PHILPRENE 1712 


PHILPRENE 1803 


PHILLIPS CHEMICAL COMPANY 
Rubber Chemicals Division + 318 Water Street, Akron 8, Ohio 


District offices: Chicago, Providence and Trenton 


Warehouses: Akron, Boston, Chicago, Trenton 
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(laut 


She brand or assurance 


For an assured way to reduce your processing cost 
without impairing quality you can depend on Sid 
Richardson Carbon Company's Channel Blacks. Used 
alone or in blends they offer many advantages. 


Numerous tests and actual performance prove that the 
economical way to retard scorch in fast curing furnace 
black stocks is to blend them with TEXAS “E” or 
TEXAS ““M”’ CHANNEL BLACKS. These blends also 
improve tensile, elongation, tear and heat build-up so 
that better all-around product performance is obtained. 


Sid Richardson 


£a8 64 4 6. 
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BUTYL 


Enjay Butyl is the super-durable rubber with outstanding resistance to 
aging « abrasion « tear « chipping « cracking « ozone and corona « 
chemicals « gases « heat ¢ cold « sunlight « moisture 


Know the facts about fabulous BUTYL 


Here are some of the reasons for the rapidly 
increasing acceptance of Enjay Butyl for more 
and more rubber applications in more and 
more industries. 


@ Molded mechanical goods like body bump- 
ers and auxiliary springs, out perform those 
made of natural rubber or GH-S types. 
Good hot tear resistance reduces percent- 
age of mold removal rejects, thus reduces 
costs. 


Excellent adhesion is obtained to fabrics 
and metals. 


Thermal interaction of Butyl with carbon 
black improves properties such as abrasion 
and resilience. 


Non-staining grades of Enjay Butyl do 


not fade or discolor on exposure to light 
or weather. 


Moldings and extrusions do not crack from 
sunlight or weather exposure and they re- 
tain new appearance and performance 
longer. 

Has excellent electrical properties plus 
resistance to ozone, corona, moisture ab- 


sorption and abrasion, that is outstanding. 


Resists both heat and aging in high voltage 
insulation compounds, 


Low cost... immediate availability. 


Get all the facts by writing or calling the 
Enjay Company. Complete laboratory and 
testing facilities are at your service. 


Pioneer in Petrochemicals 


ENJAY COMPANY, INC., 15 West Sist Street, New York 19, N. Y. 
Other offices: Akron « Boston + Chicago « Los Angeles « Tulsa 
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ADVERTISE zm 


RUBBER CHEMISTRY 
AND TECHNOLOGY 


KEEP YOUR NAME AND YOUR 
PRODUCTS CONSTANTLY BEFORE 
THE RUBBER TECHNOLOGIST 


Advertising rates and information about 


available locations may be obtained from 
E. H. Krismann, Advertising Manager, Rub- 
ber Chemistry and Technology, care of E. I. 
du Pont de Nemours & Company, 40 East 
Buchtel Ave. at S. High St., Akron 8, Ohio. 


10 | 
‘ 
‘ 


RUBBER CHEM. & TECH.—Jan—Mar. 1957 


Another first from Monsanto 


Elastopar—Puts Springy Life Into 
Butyl Rubber...Chemically... 
Without Heat Treatment. 


The word is out: “Butyl can go into dozens of new 
uses”. ..and, without changing your processing 
methods. With a boost from a new chemical modi- 
fier, butyl will find its own place among rubber 
products, and perhaps in completely new uses. 
NEW DEVELOPMENT— Monsanto in collaboration 
with Esso research has developed a new product that 
increases the modulus and resilience of butyl rubber 
—under standard processing conditions. 
This new concept in butyl modification involves a 
reaction of the Butyl rubber with a chemical addi- 
tive, N-methyl-N, 4-dinitroso-methyl aniline 
trade-named by Monsanto: Elastopar. Adding Elas- 
topar to the Banbury creates a chemical modification 
of the butyl polymer. You get this modification 
using normal times and temperatures of mixing. 
Elastopar is effective in both black-loaded and non- 
black butyl rubber stocks. It is non-scorching. 
Actually aids processing. The modified butyl may 
be cured with conventional vulcanizing systems. 
LOTS OF APPLICATIONS POSSIBLE—As soon as 
you take two pieces of stock in your hands, one 
modified with Elastopar, one not—you can quickly 
feel the improved resilience and snap. 
Improved resilience is just one advantage. Here’s a 
uick run-down on other ways Elastopar improves 
the properties of butyl: 
© Vast increase in modulus. 
@ No increase in hardness. 
© Raises resistance to abrasion. 
© Lowers low-temp flexibility. 
@ Increases electrical resistivity in carbon black systems 
roughly from 10* to 10™, 
Reduces cold-fiow of uncured stocks. 
@ Lowers Mooney viscosity. 
© Does not affect cure. 
NEW MARKETS FOR BUTYL One significant effect 
in the end-product: Elastopar checks the tendency 
of early experimental butyl tires to develop exces- 
sive heat from absorbed road shocks. 
But of more immediate interest—the excellent sol- 
vent resistance, gas retention, and high dielectric 
properties of butyl can be put to use in cable coating, 
automotive “air springs,” gaskets, and mechanical 
goods. For more information on how Elastopar can 
help you build-in new profit-making properties in 
butyl, call or write today. 
Accelerators——/or fast, slow, and regulated rates of 
safe cure. 
Antioxidants— For marimum oxidation resistance. 
Plasticizers 
Specialty Processing Compounds 
MONSANTO CHEMICAL COMPANY 
Rubber Chemicals Dept. 
Telephone: HEmlock 4-1921, Akron 11, Ohio 


You can feel the difference instantly 
—but watch! Stock at right, un- 
modified butyl. At left, modified 
with Elastopar, See what happens. 


Sample modified by Elastopar, left, 
flattened completely in 3 seconds. 
This new resiliency is just one of 
nine valuable properties buty! rub- 
ber offers when chemically modified 
with Elastopar, 

ELASTOPAR: Reg. U.S. Pat. Of 
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Published by AMERICAN CYANAMIO COMPANY. Rubber Chemicals Department, Bound Brook, New Jersey 


New Packaging for MBTS Saves 20% Space 


New equipment for the production of 
MBTS, as reported in the July issue 
of Rubber Chem Lines, has now been 
in operation for over six months. The 
high expectations regarding the effect 
of plant modernization on product 
quality have been fully justified. Cur- 
rently produced MBTS is remarkably 
uniform in particle size and free of 
even the small amount of oversized 
particles normally associated with a 
microground product. Dedusting and 
lubricating additives are well distrib- 
uted. Ash is low and any magnetic iron 
particles are removed by electromagnet 
separation. The range of purity, or 
real MBTS content, is high and the 
amount of free MBT is low. The net 
result is a product which physically 
and chemically is designed and manu- 
factured to the highest performance 
standards possible for a powdered 
accelerator. 

Included in the new equipment is a 
vacuum bag packer capable of packing 
fifty pounds of fluffy, free-flowing 
MBTS into a considerably smaller bag 
than was formerly used. In effect, this 
machine “densifies” the freshly packed 
product to the same degree produced 
by normal stacking in storage. This 
densification in no way interferes with 
the free-flowing characteristics. 


Illustrating the space-saving ability 
of this new package in warehouse 
storage, the schematic drawing shows 
unit loads of 2000 pounds each. The 
new bags are unitized in a pattern of 
five-bag layers, eight layers high. A 
corresponding unit load using the old 
bags required ten layers of four bags 
each. Since the base dimensions (which 
conform to a standard pallet size) re- 
main unchanged, the effective reduc- 
tion is in the height of the unit. The 
resultant cubic space reduction is 
approximately 20%. 


RUBBER 
Ards 
MBT 
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for Automotive 
Extruded Goods 


Cabot 
STERLING SO’ 


SMOOTHOUT OIL FURNACE CARBON BLACK 


LOW DIE SWELL for Consistent Reproduction 
of Intricate Die Designs 


SMOOTH EXTRUSION for Open Steam Curing | 


NON-STAINING does not Cause Migration Staining | 
of Organic Finishes 


CHANNEL BLACKS: Spheron 9 EPC Spheron 6 MPC Spheron C CC 

PURNACE BLACKS: Vulcon 9 SAF Vulcan 6ISAF =Vulcan HAF Vulcan XC-72 ECF 
Vulcan SC SCF Vulcan C CF Sterling 99 FF = Sterling SO FEF Sterling V GPF 
Sterling | HMF Sterling LLHMF Sterling $ SRF Sterling NS SRF Pelletex SRF 
Pelletex NS SRF Sterling R SRF Gastex SRF 

THERMAL BLACKS: Sterling FT Sterling MT Sterling MT-NS 


*FEF — Fast Extruding Furnace Black 


For Free Samples ana Information, Write 


_ 
CABOT. GODFREY L. CABOT, INC. 


77 FRANKLIN STREET, BOSTON 10, MASS. 
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To the 
Rubber Industry! ~ ~ ~ 


This Journal is supported by advertising 
from leading suppliers to the industry. More 
advertising will permit the publication of a 
greater number of important technical papers 
on rubber which will make RUBBER CHEM - 
ISTRY AND TECHNOLOGY even more valu 
able as a convenient reference of ‘‘ Rubberana.’’ 


Specify materials from suppliers listed on 
page 36. Urge other suppliers to advertise in 


RUBBER CHEMISTRY AND 
TECHNOLOGY 


Advertising rates and information about 
available locations may be obtained from 
KE. H. Krismann, Advertising Manager, Rubber 
Chemistry and Technology, c/o E. I. du Pont de 
Nemours & Company, 40 E. Buchtel Ave. at 
High Street, Akron 8, Ohio. 
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A New Non-Staining Rubber Antioxidant 


with Superior Characteristics 


Nevastain A is an excellent non- 
staining, non-discoloring antiox- 
idant with very low volatility and 
good stability. Synthetic and nat- 
ural rubber compounds using 
Nevastain A have superior physi- 
cal characteristics over those con- 
taining competitive non-staining 
antioxidants. Among its virtues 
are that it does not retard vulcan- 
ization, does not have an acceler- 
ating effect and does not bloom 
uncured or cured stock when used 
in normal quantities. This new 


product is being produced on a 
plant scale and is readily avail- 
able and attractively priced. Use 
the coupon below to write for 
Technical Service Report No. 45. 


Neville Chemical Company, Pittsburgh 25, Pa 


Resins — Coumarone-Indene, Heat 
Reactive, Phenol Modified Couma- 
rone-indene, Petroleum, Alkyloted 
Phenol + Olls—Shingle Stain, Neu- 
tral, Plasticizing, Rubber Reclaim- 
ing Solvents—2-50 W Hi-Flash, 
Wire Enamel Thinners. 


Please send Technical Service Report No 45 


NAME 


“COMPANY 


cit 
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For 
Accelerators, 
Activators, 
Anti-Oxidants 
and 

Special 
Rubber 


Chemicals 


TRY 
NAUGATUCK 


NAUGATUCK supplies a 
complete line of proven 
accelerators, activators, 
anti-oxidants, and special 
chemicals to give you 
thorough control of rubber 
product manufacture and 
performance. 


Naugatuck Chemical 
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ACCELERATORS 
THIAZOLES — 
M-B-T 
M-B-T-S 
THIURAMS — 
MONEX*? 
MORFEX 
PENTEX* 
DITHIOCARBAMATES — 
ARAZATE*  ETHAZATE*T 
BUTAZATE* METHAZATE*t 
ETHAZATE-50D 
ALDEHYDE AMINES — 
BEUTENE* 
TRIMENE* 
XANTHATES — 
c-P-B* 
ACTIVATORS 
VULKLOR 
D-B-A 
ANTI-OXIDANTS 
AMINOX* B-L-E* 
B-X-A 
v-G-8" FLEXAMINE 
OCTAMINE* BETANOX* Speciol 


SPECIAL PRODUCTS 
BWH.! SUNPROOF* Improved 
CELOGEN SUNPROOF™ Junior 
CELOGEN-AZ SUNPROOF* —713 
E-S-E-N SUNPROOF® Regulor 
LAUREX* SUNPROOF® Super 
TONOX* KRALAC* A-EP 


SPECIAL PRODUCTS FOR 
SYNTHETIC POLYMERS 

DDM — modifier 

THIOSTOP K&N — short stops 

POLYGARD — stabilizer *Reg. U.S. Pat. Of 


THE WORLD’S LEADING 
MANUFACTURER OF 
RUBBER CHEMICALS 


LOOKING FOR... 
Plastics 
Reclaimed Rubber 
Synthetic Rubber 
latices 
Write, on your letterhead, for technical dota 
or assistance with any Navgatuck product. 


tthese products furnished either in powder form or fost 


O-K-A-F 


TUExt 
ETHYL TUEXt 


HEPTEEN BASE* 
TRIMENE BASE* 


Z-B-x* 


DIBENZO G-M.-F 
G-M-F 


Division of United States Rubber Company 


dispersing, free-flowing NAUGETS. 


Naugatuck. Connecticut 


IN CANADA NAUGATUCK CHEMICALS DIVISION 
Dominion Rubber Company, Limited, Elmira, Ontario 
RUBBER CHEMICALS « SYNTHETIC RUBBER « PLASTICS « AGRICULTURAL CHEMICALS 
RECLAIMED RUBBER e LATICES ¢ Cable Address: Rubexport, N. Y. 
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Naugatuck NAUGAPOLS 
answer your 


problems in...... 


For products requiring 
excellent electrical properties 
and for those items designed for 
low moisture absorption, 
NAUGAPOL, butadiene-styrene 
copolymers, ‘Specially Processed” 
during the finishing operation, is the 
best obtainable. 


R-S RUBBER 
ELECTRICAL 
INSULATION 


HOT TYPES 
CLASS END USES " 


Staining Standard grade for wire 
and cable and mechanical 
goods. 

Non-staining Crosslinked processing 


aid. Wire and cable and 
mechanical goods. 


Non-staining Standard grade for wire 
and cable and mechanical 
goods. 

Staining Low styrene content. Wire 


and cable and mechanical 
goods for arctic service, 


COLD TYPES 
CLASS END USES 
Non-staining Standard grade for wire 
and cable and mechanical 
goods. 
Non-staining Low styrene content. Wire 


and cable and mechanical | 
goods for arctic service. 


For tochnion! date, information or assistance that will help you in process- 
ing of your rubber compounds, write to us on your company letterhead. 


Naugatuck Chemical 


Division of United States Rubber Company US 


Naugatuck, Connecticut 


IN CANADA: NAUGATUCK CHEMICALS, Elmira, Ontario * Cable Address Rubexport, N.Y 
Rubber Chemicals « Synthetic Rubber « Plastics * Agricuitural Chemicals * Reclaimed Rubber + Latices 
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ty rrent NAUGAPOL Polymers for electrical applications _ | 
-NAUGAPOL 1016 
| AUGAPOL 1018 
‘NAUGAPOL 1019 
_NAUGAPOL 1023 
GRADE 
-NAUGAPOL 1503 
NAUGAPOL 1504 
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HOW YOU BENEFIT WHEN YOU USE 
SUN RUBBER PROCESS AIDS 


IF YOU PROCESS , BECAUSE 


New low cost! Low 

staining properties 

on white goods. 

CIRCOSOL-2XH Improves GR-S re- 
bound. Constant 
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tary: Roger B. Pfau (C. P. Hall Co., Memphis, Tenn.). Treasurer: Elden H 
Ruch (Firestone Tire & Rubber Co., Memphis, Tenn.). Terms end October 
31, 1957. Meetings in 1957: February 8 and 9, June 7 and 8, November 15 


and 16. 
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RUBBER GROUP 


GORDON RESEARCH CONFERENCES 


The Gordon Research Conferences for 1957 will be held from 10 June to 
40 August at Colby Junior College, New London, New Hampshire, New 
Hampton School, New Hampton, New Hampshire, and Kimball Union 
Academy, Meriden, New Hampshire. 

The Conferences were established to stimulate research in universities, 
research foundations and industrial laboratories. This purpose is achieved 
by an informal type of meeting consisting of scheduled lectures and free 
discussion groups. Sufficient time is available to stimulate informal discus- 
sions among the members of a» Conference. Meetings are held in the morning 
and in the evening, Monday through Friday, with the exception of Friday 
evening. The afternoons are available for recreation, reading o1 participation 
in discussion groups as the individual desires. This type of meeting is a 
valuable means of disseminating information and ideas which otherwise would 
not be realized through the normal channels of publication and scientific 
meetings. In addition, scientists in related fields become acquainted and 
valuable associations are formed which result in collaboration and cooperative 
effort between different laboratories. 

It is hoped that each Conference will extend the frontiers of science by 
fostering a free and informal exchange of ideas between persons actively 
interested in the subjects under discussion. The purpose of the program is 
not to review the known fields of chemistry, but primarily to bring experts 
up to date as to the latest developments, analyze the significance of these 
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developments, and to provoke suggestions as to underlying theories and 
profitable methods of approach for making new progress. In order to protect 
individual rights and to promote discussion, it is an established rule of each 
Conference that all information presented is not to be used without specific 
authorization of the individual making the contribution, whether in formal 
presentation or in discussion. No publications are prepared as emanating 
from the Conferences. 

The first meeting of each Conference is held Monday morning at 9:00 a.m., 
Eastern Daylight Saving Time. The morning sessions, through Friday, are 
scheduled from 9:00 a.m. to 12:00 noon. The second session of each day is 
held in the evening from 7:30 to 10:00 p.m., Monday through Thursday. 
There are no Friday evening meetings. 

Accommodations are available for a limited number of women to attend 
each Conference, also for wives who wish to accompany their husbands. All 
such requests should be made at the time of the request for attendance because 
these limited accommodations will be assigned in the order that specifie requests 
are received, Children twelve years of age and older can be accommodated. 
Dogs or other animals will not be permitted in the dormitories. 

Individuals interested in attending the Conference should request an 
application form from the office of the Director. Attendance at each Con- 
ference is limited to 100. 

Requests for attendance at the Conferences, or for any additional in- 
formation should be addressed to W. George Parks, Director, Department of 
Chemistry, University of Rhode Island, Kingston, Rhode Island. From 
June 10 to August 30, 1957 mail should be addressed to Colby Junior College, 
New London, New Hampshire. 


GORDON RESEARCH CONFERENCES 
COLBY JUNIOR COLLEGE 
New London, New Hampshire 


ELASTOMERS 


July 29-August 2, 1957 


Kk. k. Grouper, Chairman 


Kk. B. Newron, Vice Chairman 


July 29 


R. Erickson, R. A. Berntsen, and L. A study of the Reaction 
of Ozone with GR-S Rubbers. 
JoHN Born. Effect of Gamma Radiation on Elastomers. 


July 36 


MERTON STUDEBAKER. Properties of Carbon Black Recovered from Cured 
Rubber Stocks. 

J. V. Hatium, K. A. BureGess, and F. Lyon. Carbon Black Surface Fune 
tional Groups. Their Identification and Effects. 

P. Tutr10on. Thermodynamics of Rubber During Reversible Extension. 
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July 31 


W. M. Savrman, W. E. Gisps, Jociuper Lat, and Bernarp WarGorz. 
Mechanism Studies of Isoprene Polymerization with Ziegler Type Catalysts. 

J. N. SnHorr, Gerarp Kraus, and Vernon Tuornton. Effect of Cis-Trans 
Ratio on the Physical Properties of 1,4-Polybutadiene. 
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NEW BOOKS AND OTHER PUBLICATIONS 


MANUAL oF Reciaimep Rupper. Edited by J. M. Ball. Published by 
the Rubber Reclaimers Association, Inc., 101 West 31st St., New York 1, 
N.Y. 6X Q9in., 96 pp. Plastic Binding. $3.00.—Here is an addition to the 
technical literature of the rubber industry which was long past due. It not 
only treats of the advantages, types, compounding and commercial uses of 
reclaimed rubber, but it spells out costs in pounds and pound volume. Such 
information is of inestimable value to rubber manufacturers when submitting 
bids on specific products. The costs, which accompany every formula, were 
calculated from current delivered prices of compounding ingredients as pub- 
lished in the trade journals while the prices of the various base elastomers were 
figured on a delivered basis. 

The manual is divided into five separate sections plus an appendix. After 
a brief description of reclaim, its advantages are stressed, including price, 
uniformity, short mixing time, low power consumption, faster processing, low 
thermoplasticity and high rate of cure. Two limitations—poor abrasion 
resistance and use in light colored goods—are also mentioned. Next, 14 types 
of reclaim are tabulated, with data on color, specific gravity, method of pro- 
duction, carbon black content, tensile and elongation, suggested uses, ete. 
This is followed by a discussion on compounding, covering selection of rubber 
hydrocarbon, fillers and softeners, the effect of zine oxide, and accelerators and 
vulcanizing agents. 

The final section is devoted to commercial uses of reclaim and covers 22 
separate formulas in some 30 pages. These are divided into tire and tube 
compounds, automotive goods, industrial rubber products, soles and heels, 
and miscellaneous, the latter including rubber insulation (code grade) and 
solvent cements. In each instance physicals are shown for the vulcanizates 
and a relatively brief comment is appended. Also indicated in each case is the 
specific gravity and, as previously stressed, the cost per pound and cost per 
pound volume. 

The appendix covers laboratory test methods, chemical analysis and miscel- 
laneous items. Among the test methods are those for specific gravity, tensile, 
compression set and abrasion resistance, while methods for determining 
acetone extract, ash and free carbon (both ASTM and combustion methods) 
are outlined under chemical analysis. A bibliography is part of the miscel- 
laneous group. Finally, there is a cross-reference index. 

A good deal of thought and effort has gone into the preparation of this 
manual, which is attractively printed in two colors. Both Mr. Ball, the editor, 
and the Rubber Reclaimers Association are to be congratulated on a job well 
done. The rubber industry needs more practical data of this type and manuals 
such as this one on reclaimed rubber are welcomed. [From the Rubber Age, 


(N. Y.).] 


Latex—Naturat AND Syntuetic. Philip G. Cook. Reinhold Publish- 
ing Corp., New York, N. Y. Cloth cover, 4} 7 inches, 238 pages. $3.50. 
This small book, intended for newcomers to the field, depicts how both 
natural and synthetic types of rubber latex are produced, modified, and con- 
verted into useful products. 

Mr. Cook, technical superintendent of General Latex & Chemical Corp., 
has divided his text into the following chapter headings: development of latex 
to its present form; latex production and importation ; testing of latex prior to 
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use; vulcanization of latex: materials affecting liquid properties in com- 
pounding ; materials affecting film properties in compounding ; processing and 
testing of compounds; synthetic rubber latexes: rubber-plastic latexes; latex 
unsupported films or filaments; and latex coatings, binders, and saturants. 

Chapters 1] and 12 on latex products should be of particular interest to 
young technical men entering the rubber industry. A broad survey of these 
products and their technology of manufacture is presented in these chapters. 

The author has assumed a certain technical understanding on the part of 
his reader and has kept explanations of terminology down to a minimum. 
[From the Rubber World ] 


Tae Cuemisrry or Potymer Drarapation Processes. Norman 
Grassie. Published by Butterworths Publications, Ltd. 88 Kingsway, 
London, W.C.2, England. American edition pudlished by Interscience 
Publishers, Inc., 250 Fifth Ave., New York 1, N. Y. 54 * 8} in., 336 pages. 
$6.50.—-Although interest in polymer degradation reactions was originally 
concerned with the elucidation of the chemical structure of natural polymers, 
the origin of the more recent advances in the subject are bound up with the 
development of the synthetic plastics. Thus. it has been necessary for the 
industrial chemist to investigate these processes for a better understanding of 
the behavior and particularly the deterioration of commercial materials, It 
has also produced a vast new range of substances. the unique molecular strue- 
ture of which results in their undergoing quite novel types of reaction which 
are worthy of study for their own sake and for the general advancement of 
chemical know ledge 

In recognition of the above, the author has prepared the current work with 
three distinet groups of chemists in mind. Virstly, for the specialist in polymer 
chemistry, with an account of our present state of knowledge of polymer 
degradation reactions. Secondly, for the industrial worker. with a guide to 
the knowledge of the constituent reactions which must make up the composite 
weathering and deterioration process with which he must deal. Finally, for 
the chemist with more general interests in the kinetics of chemical change who 
will find interest in both the classical and new types of reactions which occur 
in the unusual environment of polymer chains 

In a sense, therefore, this book is both a text and a discussion of the theory 
of degradation processes, After an introduction, the author discusses de- 
polymerization, hydrolysis and other random chain-scission processes, Oxi- 
dation, sulfuration and ozonization, and non chain-seission reactions. The 
latter section includes some data on the ionic reactions of rubber from the 
standpoints of cyclization and hydrochlorination. A subject index is included, 
[From the Rubber Age, (N. ps 


AnnuAL Rervorr on THE ProGress or TECHNOLOGY. Volume 
XIX, 1955. Edited by T. J Drakeley. Institution of the Rubber Industry, 
London, England. Cloth cover, 74 x 9{ inches, 162 gages. $2.94.—This 
1.R.I. compilation of the progress of natural and synthetic rubber tech- 
nology throughout the world during 1955 is. as usual, of great value to all 
sections of the industry. Beginning with a historical and statistical review, 
the contents inelude chapters on the following subjects: planting and production 
of raw rubber and latex; properties, applications and utilization of latex ; 
chemistry of raw and vuleanized natural rubber ; synthetic rubber; testing and 


equipment and specifications other than for latex; compounding ingredients; 
fibers and fabrics; tires; belting; hose and tubing; cable and electrical insu- 
lation; footwear; mechanical rubber goods; games, sports accessories, and 
toys; surgical goods; textile-rubber composites, solvents and cements; cellular 
rubber; hard rubber; flooring; works processes and materials; machinery and 
appliances; and roads. 

References to the literature are extensive, probably making up one-quarter 
of the textual space. A name index and a subject index are included. 

This year’s chapter on synthetic rubber by W. J. 8. Naunton is especially 
comprehensive, in view of the great strides the product has made during 1955 
under the leadership of American producers. Mr. Naunton terms the de- 
velopment of synthesized tree rubber ‘‘the most interesting event of the year’”’ 
in the rubber industry. He also discusses such subjects as the transfer of the 
American synthetic rubber industry to private enterprise, the competition 
between natural and synthetic rubber, the advances in oil-resisting rubber, 
Poly FBA, Kel-F, progress in Butyl rubber, the new polyurethane rubbers, 
and the continued research in silicone rubbers, in polyethylene, and in polyvinyl! 
chloride. [From the Rubber World. } 


AGEING AND WEATHERING OF RuBBER. J. M. Buist. Published by 
the Institution of the Rubber Industry, 4 Kensington Palace Gardens, London, 
W.8, England. 6 X 84 in., 144 pp. $4.00.—Second in the series which is being 
sponsored by the I.R.I. Council, this monograph deals lucidly and compre- 
hensively with the theory and prevention of the degradation of rubbers. 
Written by an acknowledged expert, it covers the aging of raw and vulcanized 
rubbers, covering both the fundamental chemistry governing the reactions 
involved and the contribution attributable to basic physical factors. As the 
author indicates in his preface, the newer test methods present their own 
problems of interpretation and the field of testing remains full of interesting 
and exciting research problems. 

After an introductory chapter, in which is discussed the structure of natural 
rubber, molecular weight, vulcanization, vulcanizing agents, accelerators and 
fillers, the author devotes specific chapters to these subjects: Oxidation of 
Olefins: Normal Aging and Aging Accelerated by Metallic Catalysis; Flex- 
Cracking and Atmospheric Cracking; Accelerated Aging Tests, Individual 
Containers and Inter-Laboratory Comparison of Accelerated Aging Tests; 
Additional Methods of Assessing Aging. The final chapter is devoted to the 
classification and description of the 125 antioxidants at present offered com- 
mercially. An interesting portion of this chapter is a brief discussion of the 
terminology which is applied to chemical substances which are used to protect 
rubber from deterioration. 

The author is thorough in his approach in that not only are standard aging 
methods discussed and evaluated, but he also enters infto additional methods, 
principally oxygen absorption tests and stress relaxation tests. Brief mention 
is also made of the deleterious effects of soil micro-organisms on rubber. Each 
chapter in the monograph has an extensive bibliography and author and sub- 
hect indexes are included. [From the Rubber Age (N. Y.).} 


CaALENDERS FoR Rupper Processinc. By H. Willshaw. Published by 
the Institution of the Rubber Industry, 4 Kensington Palace Gardens, London, 
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W.8, England. 6 8} in., 62 pp. %4.00.—Another in the series of mono- 
graphs currently being issued by the I.R.1., this one, as indicated by its title, 
is devoted to calenders. According to the author, its object is to describe the 
uses and developments of calenders in a manner that will appeal to all classes 
of persons engaged in the rubber industry. Accordingly, it cannot be regarded 
as a treatise on the designing, manufacture and installation of calenders, but 
it most certainly can be looked upon as an excellent outline of applications, 
starting from the pioneering work of Thomas Hancock. 

In his introductory chapter, Mr. Willshaw discusses the purposes and uses 
of rubber calenders and digs back into some of the early records. His next 
five chapters are concerned with calender design, types of calenders, ancillary 
equipment (such as driving gears, speed control systems, safety braking 
systems, reel-off and batch-up gear, and thickness gauges), roll contours, and 
uses in production. A short, concluding chapter points out the fact that a 
basic similarity exists between old and new calender design. The prediction 
is made that there will be no fundamental changes in the art of calendering 
within the next few decades. 

In addition to 36 illustrations, a list of references and a subject index, the 
monograph includes a glossary of terms. While some of these terms are 
generally in use within the rubber industry, many of them are directly asso- 
ciated with calenders and calendering. [From the Rubber Age (N. Y.).]} 


GUMMITEKNISK HaNnpbok. Published by The Swedish Institution of 
Rubber Technology, P. O. Box 7310, Stockholm 7, Sweden. Cloth, 6 x 84 
inches, 328 pages. $8. Available in U. 8. A. from Rubber World, New 
York 16, N. Y.—This is the second, revised and enlarged, Swedish and English, 
edition of the Swedish Handbook for the Rubber Industry, the first edition of 
which appeared four years ago. The main portion of the work is devoted to a 
classified list of 25 groups of raw materials and compounding ingredients, the 
first of which includes natural rubber and gives descriptions of United States 
Rubber Manufacturers Association types, also of Technically Classified rubber, 
sole crepe and latexes ; the Swedish dealers handling the different categories are 
listed under the individual heads. 

In the other sections, dealing with synthetic rubber and latexes, and com- 
pounding ingredients, the products are arranged under main heads, with trade 
names, specific gravity, manufacturer, and local distributor mentioned in 
separate columns. There are tables of the properties of hot, cold, oil-extended 
rubbers, carbon black masterbatches and Butyl rubbers, as well as a composite 
table of general chemical constitution, oil resistance, useful temperature range 
und tensile properties of 16 elastomers. 

The present edition has introduced a classified list of machinery, arranged 
in similar fashion to the compounding ingredients. Alphabetical indexes of 
materials and machinery provide trade and chemical names, cross-reference 
to pages in the classified list, the number in the Swedish Customs Tariff (1956) 
under which a product comes. Full names and addresses, as well as ‘‘Code”’ 
names of Scandinavian and foreign suppliers appear in two separate indices; 
associations and organizations connected with the rubber industry in Sweden 
and abroad are mentioned, and also all Swedish rubber and cable manufac- 
turers. Finally, various conversion tables useful to rubber technologists 
complete this informative and carefully compiled handbook. [From the 


Rubber World.) 


A TrecHNOLOGY ror THE ANALYSIS, DesiGN AND Use or TextiLe Struc- 
TURES AS ENGINEERING Mareriats. Walter J. Hamburger. Published 
by the American Society for Testing Materials, 1916 Race St., Philadelphia, 
Penna. 6 X 9 in., 54 pp. $1.50—This is the 29th Edgar Marburg Lecture 
which the author presented before the ASTM in 1955. It reviews the chro- 
nology of textile craftsmanship during the prehistoric era, early civilization 
and the subsequent industrial revolution. Dr. Hamburger, who is director 
of the Fabrice Research Laboratories, Inc., also discusses the development of 
modern textile science in the fourth decade and the early part of the fifth decade 
of the present century. Included among the numerous subjects covered by 
the author are the elastic behavior of textile materials, the effeets of fiber and 
yarn properties, and fabrie geometry. Accomplishments achieved in recent 
years on the engineering approach to the properties and utilization of textile 
fibers are emphasized. Some possible future activities in the field of textile 
research are suggested. Graphs are employed throughout the booklet and an 
extensive bibliography is appended. [From the Rubber Age (N. Y.). ] 


1955 Book or ASTM Sranparps—Parr 6: Rupper AND PLAstics, 
ELeEcTRICAL INSULATION, ELecrronic Mareriats. 6 9} in., 1784 pp. 
$13.00. Parr 7: Apuesives, TextiILes, Soap, Water, PAPER, AND SHIPPING 
ConTAINERS. 6 & 9} in., 1700 pp. $11.00. American Society for Testing 
Materials Headquarters, 1916 Race Street, Philadelphia 3, Penna.—The 
American Society for Testing Materials has completed and published its largest 
triennial “Book of ASTM Standards.” The 1955 edition has over 11,000 
pages and includes more than 2,150 standard specifications, tests, and defini- 
tions for materials. The book is issued in seven parts, each pertaining to a 
particular area or group of areas of materials. Each part is complete with a 
detailed subject index and a list of standards in numeric sequence. To keep 
the book up to date, supplements will be issued to each part late in 1956 and in 
1957. 

Part 6 includes 300 standards, 148 of which are new or revised since 1952. 
The following subjects are included: Rubber Products (fire hose, belting, gloves, 
wire and cable, cements, sponge rubber, hard rubber, brake hose, blankets, 
tests); Electrical Insulating Materials (varnishes, tubing, tapes, oils, askarels, 
porcelain, paper, mica, molded materials, tests); Materials for Electron Tubes, 
Electronic Devices and Lamps, and Plastics. 

Part 7 contains 354 standards, 166 of which are new or have been revised 
since 1952. The following subjects are included: Adhesives; Textile Materials 
(cotton, wool, glass fabrics, hosiery stretch, testing); Atmospheric sampling; 
Water; Paper and Paper Products; Soaps and Other Detergents; Shipping 
Containers. [From the Rubber Age (N. Y.).] 


Symposium ON Impact TestinG. (Special Technical Publication No. 176.) 
Published by the American Society for Testing Materials, 1916 Race St., 
Philadelphia 3, Penna. 6 X 9 in., 176 pp. $3.50 (non-members), $2.65 
(members).—All of the papers presented at the Symposium on Impact Testing 
held by the ASTM in 1955 are published in this booklet. Since papers on 
shock tests were included in the symposium, it encompassed impact in parts, 
components and complete structures. Subjects covered in the booklet include: 
notched-bar testing, V-notch Charpy slow-bend tests, effects of manganese and 
aluminum contents on nickel steel, low-temperature transition of normalized 
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carbon-manganese steels, effect of specimen width on notched bar impact 
properties of quenched-and-tempered and normalized steels, reproducibility 
of Charpy impact test, impact testing from room temperature to —236° C, 
influence of pendulum flexibilities on impact energy measurements, impact 
tube technique for applying impulse loads, and longitudinal impact tests of 
long bars with a slingshot machine. Also included are five papers which were 
not given at the symposium but which deal with the general subject. Dis- 
cussions follow each of the papers. [From the Rubber Age (N. Y.).] 


ASTM ON TexTILE (With RELATED INFORMATION). 
Published by the American Society for Testing Materials, 1916 Race St., 
Philadelphia 3, Penna. 6 * 9 in., 794 pp. $%5.75.—The latest ASTM tenta- 
tive and standard methods of test, specifications and definitions pertaining to 
textile materials are included in this book which was prepared by ASTM 
Committee D-13 on textile materials. Of the 118 standards and tentatives, 
22 are new or revised since the previous edition of the book was published in 
October, 1954. Thirteen appendices cover several proposed test methods and 
recommendations: the Basic Properties of Textile Fibers; Psychometric Table 
for Relative Humidity; and the Yarn Number Conversion Table. In addition, 
the book contains the 1955 report of Committee D-13 on Textile Materials and 
a list of other publications and papers on textile materials. Specifications and 
methods of test cover testing machines; humidity testing; interlaboratory 
testing; identification and qualitative analysis; quantitative analysis; re- 
sistance to insect pests and microorganisms; fibers; yarns, threads and cordage; 
fabrics; hosiery; textiles made of asbestos, bast and leaf fiber, cotton, glass 
rayon, acetate, silk, and wool; and warp knit, pile, and non-woven fabrics. 
There is also an extensive index. [From the Rubber Age (N. Y.).] 


Tue ImproveMeENT oF THE Low TemMPeRATURE BEHAVIOR OF NATURAL 
VuLcanizates BY CHemicaL Mopirication with Acips. 
(Communication No, 324.) By F. J. Ritter. Published by Rubber-Stichting, 
P. O. Box 178, Delft, Netherlands. 64 * 9} in., 130 pp.—The work reported 
in this communication is part of the program of fundamental research on rubber 
conducted by the Rubber-Stichting and was also issued as a thesis which was 
approved by Dr. A. van Rossem. As indicated by its title, the work covers 
the improvement of the low temperature behavior of natural rubber vul- 
canizates by chemical modification with thiol acids and it stems from the 
investigation of possibilities for the attachment of bifunctional groups to the 
rubber molecule first launched by Rubber-Stichting several years ago. 

The author first discusses the general laboratory tests for the low tempera- 
ture serviceability of elastomers, the temperature-retraction test, and possible 
methods for a limited modification of natural rubber. He then launches into 
the preparation of thiol acids, the modification of natural rubber both in solu- 
tion and in the dry state with monothiol acids, the modification of natural 
rubber latex with monothiol acids, and the crosslinking of natural rubber with 
bisthiol acids. A final chapter is concerned with theoretical considerations 
and additional experiments. Compounding formulas are covered in an 
appendix. 

In his summary, the author claims that the modification of natural rubber 
with thiol acids is a suitable method for the limited introduction of foreign 
groups into the rubber molecule. Quantities of combined thiol acid as small 
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as 0.5 to 2 mol/100 isoprene units bring about a considerable reduction of the 
tendency of the rubber to crystallize. These small quantities of combined 
thiol acid are said to have hardly any influence on the vitrification point of 
the vulcanized rubber. [From the Rubber Age (N. Y.).] 


PoLyMER Processes. C. E. Schildknecht, Editor. Interscience Pub- 
lishers, Ine., New York, N. Y. 1956. Cloth cover, 6 & 9 inches, 914 pages, 
illustrated. $19.50.—This book is Volume 10 in the High Polymer Series 
of monographs on the chemistry, physics, and technology of high poly- 
meric substances. More than half of its 18 chapters describe primarily the 
various types of polymerizations and polymer properties—an introduction to 
free radical polymerizations; polymerizations in bulk, in suspension, in emul- 
sion, in solution; ionic polymerizations; polyamides and polyesters; conden- 
sations with formaldehyde; cellulose and cellulose derivatives; epoxy resins 
and polysulfide polymers. The remaining chapters deal primarily with tech- 
nology—new adhesives; stabilization of polymers; paste and latex techniques; 
compounding and processing of rubbers and resins; polymer reinforcement; 
and the spinning and drawing of fibers. 

The editor has succeeded in attracting a notable list of contributors—some, 
international figures in the polymer field; others, experienced and competent 
in the fields they review, but currently less well known. The editor found it 
necessary to write four chapters outright and collaborate on the fifth, however, 
to give the desired coverage. Throughout the book, the original aim suggested 
by Prof. Herman Mark—to bridge the gap between theory and practice—is 
kept in mind. 

Professor Schildknecht mentions, and I agree, that ‘the contributions of 
technology and business toward theoretical growth tend to be underrated in 
our time.” In certain areas, the art is far ahead of the scientific interpretation, 
and much of this art is unpublished for sound business reasons. Yet there is 
an area open to public view, the patent literature, and frequent references are 
made to this in most of the chapters. Only the country and patent number 
(and sometimes the ownership) under discussion are shown. I think it would 
have been very worthwhile if the original filing date and date of issue had been 
included. A successful effort has been made to include very recent work, for 
example, work on ionic polymerization published as recently as October, 1955. 

The subject index is adequate and includes a number of registered trade 
names which will be of convenience to many readers. The printing and paper 
are first rate, and the substantial binding is uniform with the other volumes of 
the Series. 

Professor Schildknecht and his collaborating authors have made available 
in convenient form a vast amount of work done both in academic and industrial 
circles which will be widely appreciated by technologists and research workers 
alike in the high polymer field, who will find this book a worthy addition to 
their library. [By EK. B. Newton in Rubber World.) 


GLossary oF Terms Revatine 10 Rusper AND Rupper-Like Mareriacs. 
(Special Technical Publication No. 184.) Published by the American Society 
for Testing Materials, 1916 Race St., Philadelphia 3, Penna. 6 & 9 inches, 
121 pp. $3.00 (non-members), $2.25 (members). This glossary was assembled 
by a group of five members of ASTM Committee D-11 on Rubber andRubber- 
like Materials and represents a concentrated effort to assemble, between two 
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covers, major terms, phrases and trade names in current use. The end result 
is a glossary of great utility, one which combines easy readability and clarity 
of expression. Great pains have been taken to clarify and simplify and, in 
some cases, diagrams are furnished to indicate chemical structure. The tech- 
nical life of any industry is always encumbered by word structures and phrases 
which have come to mean different things to different persons. The virtue 
of a good glossary is that it standardizes, explains and instructs. This new 
glossary meets these needs and will prove a valuable addition to the family 
of reference works utilized by the rubber industry. [From the Rubber Age, 


(N. Y.)] 
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DETERMINATION OF DEGREE OF CROSSLINKING IN 
NATURAL RUBBER VULCANIZATES. PART I* 


L. MuLLINS 


Barish Russer Proovucers’ Resear H ASSOCIATION, 
eLwyn Garnpen Crry, Herts, 


INTRODUCTION 


The statistical theory of rubberlike elasticity provides relationships which 
describe both the stress-strain properties of vuleanized rubber and the extent 
to which it is swollen in suitable liquids. 

In simple extension the force f required to extend a sample of rubber to an 
extension ratio \ is given by: 


f = “(A — (1) 


where M, is the number-average molecular weight of the rubber molecules 
between crosslinks, and is the basic variable characterizing the network strue- 
ture, p is the density, R the gas constant, 7 the absolute temperature, and Ay 
the unstrained area of cross section, 

The relationship! between the equilibrium degree of swelling in a swelling 
liquid and the network structure is given by the Flory-Huggins equation: 


In (1 = pVoM, ly, 4 (2) 


where v, is the volume fraction of rubber in the swollen material, u an interaction 
constant characteristic of the rubber and the swelling liquid, and V» the molar 
volume of the swelling liquid. 

This equation has been recently modified by Flory? to give: 


—In (1 — v,) — — po? = pVoM.“[v,4 — (v,/2)] (2a) 


Measurements of the stress-strain properties or the degree of swelling of 
vuleanized rubber, in conjunetion with Equations (1), (2), or (2a), can thus be 
used to determine values of M, (see for example references 3, 4, 5, and 6). 
However, attention has been repeatedly drawn to departures of the observed 
elastic behavior from that predicted by the simple statistical theory. Thus 
Flory’ has drawn attention to the need for an additional parameter to make 
allowance for the chain segments terminated by a crosslink at only one end, 
which constitute flaws in the network and do not contribute to the elastic be- 
havior. He proposed that a correction should be made for the fraction of 
rubber in these segments by replacing M,~' in Equations (1) and (2) by M,"' 
(1 — 2M.M~') (if M > M.,), where M is the number-average molecular weight 
of the rubber before crosslinking. 

Geet and later Gumbrell, Mullins, and Rivlin® showed that Equation (1) 
was only approximately correct for dry vulcanized rubbers, but that the be- 
havior of highly swollen rubbers was much more closely in accord with theory. 


* Reprinted from the Journal Polymer Science, Vol. 19, Lwue No. 92, February 1956, pages 225-246 
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Hence to obtain estimates of the degree of crosslinking, measurements should 
be made on highly swollen rubbers. At high extensions, further serious de- 
partures from the statistical theory occur due primarily to the finite extensibil- 
ity of the chain molecules. 

In attempts to build up sound quantitative relationships between the elastic 
properties of a vulcanized rubber and its network structure Flory® examined 
the elastic properties of materials on which he had obtained independent esti- 
mates of the degree of crosslinking, and obtained very close agreement with the 
predictions of theory, although in general, his stress-strain measurements were 
made on dry rubbers. 

This paper describes measurements of both the stress-strain properties of 
highly swollen vuleanized rubbers and their equilibrium volume swelling; the 
vulcanizates examined possessed as wide a range of degree of crosslinking and 
of initial molecular weight of the unvulcanized masticated rubber as was rea- 
sonably possible. The relationships between these physical properties and 
the possibility of obtaining internally self-consistent estimates of the degree of 
crosslinking of these rubbers are examined. 

Part II’ of this study will describe the preparation of crosslinked rubbers by 
which an independent chemical estimate of the crosslinking is obtained. 
Kixamination of the physical properties of these rubbers by the methods of the 
present paper enables a comparison to be made between estimates of the degree 
of crosslinking obtained from the physical measurements and the absolute 
chemical determinations. 


EXPERIMENTAL 
PREPARATION OF RUBBER VULCANIZATES 


The main body of the experimental measurements were made on peroxide- 
vulcanized natural rubber. The vulcanizing agent was either di-tert-butyl 
peroxide or dicumyl peroxide. Conventionally accelerated sulfur vulcanizates 
were also examined. 

It was required to obtain vulcanizates from rubbers broken down to different 
but known initial molecular weights and vulcanized to the same degree of 
crosslinking. Further it was necessary that during the vulcanization process 
there should be no further degradation of the rubber. These conditions are 
obviously stringent and, in endeavors to meet them, the use of a vacuum vul- 
canizing mold was developed by C. G. Moore and W. F. Watson (who also 
prepared all of the peroxide vulcanizates used in this investigation). 

In all cases the vulcanizates were prepared from deproteinized crepe. 
Number-average molecular weights of the masticated rubbers were determined 
prior to vulcanization from viscosity measurements, using an empirical relation- 
ship between the viscosity and the osmotic molecular weight, which has been 
found to apply for masticated natural rubber*. 

For samples Al to A5, 5% by weight of di-tert-butyl peroxide was added by 
means of a syringe to 3 grams of dried deproteinized crepe which was then cold 
milled in an enclosed laboratory masticator*. The samples were milled for 
different periods to give rubbers of widely different degrees of breakdown, and 
then placed in a vacuum mold which contained five sections each 10 k 1 x 
0.15 em. The mold was then pumped out three times to 10~' mm. Hg with 
intervals of 2 hours between each pumping for disportion of air, and finally it 
was filled with nitrogen and the samples vulcanized by heating for 60 minutes 
at 140°C. 
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Samples Bl to B5 were prepared similarly, using 7.5 per cent by weight of 
di-tert-butyl peroxide. 

Series C and D were prepared using the less volatile dicumyl peroxide. In 
samples Cl to C4 and D1 to D5, masterbatches of dried crepe containing, 
respectively, 2 and 3 per cent by weight of peroxide were prepared on an open 
mill under conditions causing the minimum of breakdown, The masterbatches 
were then divided into five equal parts and cold milled to give stocks of widely 
different degrees of breakdown. The vacuum mold was then filled in turn 
with the five samples of each series and evacuated overnight at 3 & 10-* mm. 
of Hg. It was then filled with nitrogen and pumped out three times and finally 
the samples were vulcanized in nitrogen by heating for 90 minutes at 140° C. 

Experiments were undertaken to determine the extent of degradation of the 
original rubber heated in the vacuum mold. The results are shown in Table | 
and indicate that, even when heated in vacuo in a sealed tube, or in nitrogen in 
the mould, there is a definite decrease in viscosity although the decrease is less 
than when the samples are heated in air. The results show the impracticabil- 
ity of complying strictly with the requirements of no degradation during vul- 
canization. 


TasLe I 


Errecr or HEATING ON THE INTRINSIC VISCOSITY oF 
Deproreinized Crepe 


Gel 
Conditions, period, heating temp. content M 


No heat treatment 3.45, 3.47 3.67 
In vacuo (10~* mm.), 2 hr., 140° C 2.84, 2.87 3.05 
In nitrogen mold, 2 hr., 140° C 2.76, 2.78 2.95 
In mold in air, 2 hr., 140° C 2.54, 2.59 2.74 


* (nm) is the intrinsic viscosity expressed in grams per 100 milliliters 


No correction has been made for this degradation in the results quoted here 
because of the difficulty of making a satisfactory one. Further, such correetion 
would only affect the final results by a constant increase in the estimated value 
of M~ 10° of approximately 0.6, and thus it would not influence the slope 
of the line in Figure 2 or the conclusions from these data. 

For samples where widely differing initial molecular weights were not re- 
quired, they were prepared as cast films (Series E). The rubber was cold 
milled, 10 g. then dissolved in 500 ml. of A.R. benzene, the solution filtered into 
an aluminum tray floating on mercury. The solvent was evaporated at about 
60° C under a rapid stream of nitrogen, and the resultant film cut into strips, 
which were hung on the outside of a glass cage and placed in a vessel that was 
pumped out at 10-* mm. to constant weight. Vuleanization was then achieved 
by the method described in Part II’. Samples El to £6 were prepared with 
widely differing degrees of vulcanization from rubber stocks of the same initial 
molecular weight. Vulcanization was effected by using di-tert-butyl peroxide 
as follows and heating at 140° C for the period given. Series FE: 1 to 6; 2.11%, 
3 hours; 2.02%, 5 hours; 2.26%, 1.75 hours; 2.20%, 1.25 hours; 2.18%, 7 
hours; 2.58%, 7 hours. 

A series of peroxide vulcanizates (Series F) and the sulfur vulcanizates were 
prepared by conventional procedures. With the sulfur vulcanizates (Series 
G) the compounding ingredients were added to the rubber on an open mill, 
and the stock divided into five parts that were masticated to five widely differ- 
ent degrees of breakdown. Vulcanized sheets were prepared by press curing for 
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45 minutes at 140° C. The compounding details were as follows: rubber 100, 
sulfur 3, mereaptobenzothiazole 0.5, stearic acid 1, zine oxide 5, phenyl-2- 
naphthylamine 1. 


MEASUREMENT OF PHYSICAL PROPERTIES 


The methods adopted for measuring the equilibrium stress-strain properties 
of both dry and swollen rubbers and the equilibrium volume swelling of rubber 
in solvents have been described previously’. Measurements were made at 
25° C. The swelling agent was n-decane, which swells rubber appreciably 
without leading to detectable degradation of the network, and has a sufficiently 
low vapor pressure to obviate the need for elaborate precautions to preclude 
loss of swelling liquid during the experiments. 

The soluble matter in the peroxide vulcanizates was determined by weighing 
dried samples before and after equilibrium volume swelling measurements. 
The dried weight after the swelling measurements was used to calculate the 
volume swelling, and appropriate corrections were made to the measured cross- 
sectional areas in the stress-strain determinations. 

The sulfur vuleanizates were extracted in hot acetone for 18 hours before 
any physical measurements were made, no further correction for soluble matter 
then being necessary. 


METHOD OF PRESENTATION OF RESULTS 


Stress-strain measurements.—Rivlin” has shown that, for simple extension, 
the stress-strain curve is given by: 


f 2)(C, + '('s) (3) 


where C, and Cy, are constants characterizing the vulcanizate. For swollen 
rubbers this becomes: 


f = — X*)(C, + (4) 


Since the value of C, decreases to zero at high degrees of swelling (v, << 0.25) 
Equation (4) then reduces to the form predicted by the simple statistical theory 
if: 

C, (swollen) = (5) 


The finding that the dependence of stress upon strain in the simple extension 
of highly swollen vuleanizates agrees with the simple statistical theory is the 
basis of the assumption that under these conditions the statistical theory is 
obeyed. However this apparent agreement with theory has yet to be con- 
firmed by more general stress-strain measurements on swollen rubbers, and it is 
not implausible that C, (swollen) contains terms other than those introduced in 
the simple statistical theory. Results obtained using Equation (5) must be 
considered in light of this (this point is discussed more fully in the Appendix). 

Values of C, for dry and swollen vulcanizates were obtained by plotting 
the results of the simple extension stress-strain measurements in the form: 


The values of C, at high degrees of swelling (v, < 0.25) were obtained either by 
direct measurement or, in the case of the more highly crosslinked vuleanizates, 
by extrapolation. 
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Fic. 1,—-Dependence of elastic constant C; on the equilibrium volume swelling vr 


Volume swelling measurements—The use of Equation (2) to determine the 
degree of crosslinking demands a knowledge of the value of the empirical con- 
stant. The present volume swelling measurements have been used primarily 
to confirm the general applicability of Equation (2) and to determine values of 


Tasie II 


AND VoiUME SWELLING MEASUREMENTS 
ON NATURAL RuUBBER-SULFUR VULCANIZATES 
C, (dry) (swollen) 


x10", 
dynes dynes Initial 


Mix em." “ mol, wt 


7A 1.290 1.440 0.43 (6) 0.47 (6) 326,000 
7B 1.280 1.430 0.43(3) 0.47(4) 265,000 
7C 1.140 1.250 0.42(9) 0.46(6) 211.000 
7D 1.030 1.140 2 0.43(4) 0.46(9) 120,000 
7E 0.810 0.910 0,42(8) 0.45(3) 86,000 


Mean value 0.43(2). 
Mean value py’ 0.46(8). 
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w 80 that consistent estimates of the degree of crosslinking may be obtained 
from either stress-strain measurements or from equilibrium swelling data. 
For this purpose Equations (2) and (2a) may be rewritten: 


—In(1 — — v, — wo? = (6) 
— — »,) — », — p’v,? = — (v,/2)] (6a) 


Effect of initial molecular weight.—Equations (6) and (6a) provide relation- 
ships between the equilibrium volume swelling and the stress-strain properties 
in a form in which corrections necessary for the effect of initial molecular weight 
on either of these properties do not appear explicitly. It is well known how- 


(@ynes cm‘) 
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Fic. 2.—Change in the elastic constant C; with initial molecular weight M. 


ever, that the initial molecular weight of the unvulcanized rubber can have a 
pronounced effect on both of these physical properties. On theoretical grounds, 
Flory has proposed that to correct for the ends of chains not contributing to 
the network the value of M.~' should be replaced by M.-'(1 — 2M.M~') and 


thus Equation (5) becomes: 
C, (swollen) = 4pRTM, — pRTM™ (7) 
To investigate the applicability of a correction of this type values of C, (swollen) 
have been plotted against the reciprocal of the initial molecular weight. 
EXPERIMENTAL RESULTS 
Relationship between C, (swollen) and v,.—Results of the stress-strain prop- 
erties of the swollen peroxide vuleanizates and their equilibrium volume swelling 
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are shown in Figure 1. Here the value of C,; (swollen) determined at high 
degree of swelling (v,< 0.25) is plotted as ordinate, and the corresponding 
value of v, for equilibrium volume swelling in n-decane plotted as abscissa for 
each of the peroxide vulcanizates. The full line shows the theoretical relation- 
ship expressed by the original Flory-Huggins equation (Equation 6); the 
broken line shows the Flory modification (Equation 6a). Values of u and y’ 
were chosen to give the best fit to the experimental points, these being 0.41 (3) 
and 0.45(5), respectively. 

The values of C, (swollen) and v, obtained on the sulfur vuleanizates used 
in this investigation are given in Table II together with values of uw and y’ 
calculated for each set of observations. 

Dependence of C, (swollen) on initial molecular weight.—Figure 2 shows re- 
sults obtained on samples from the four series of peroxide vulcanizates (Series 
A, B, C, and D) that were prepared with the vulcanizates in each series having 
the same degree of crosslinking but with differing initial molecular weights. 
The ordinate gives for each vulcanizate the difference between the measured 
value of C, (swollen) and the value of C, (swollen) extrapolated to infinite 
initial molecular weight and appropriate for the series to which the vuleanizate 
belonged. All of the results for the different series of peroxide vulcanizates 
can be satisfactorily represented by a simple linear dependence of the change in 
C’, (swollen) on M~, this change in C, (swollen) being described by the relation: 


(8) 


C, (swollen) — C,; (swollen) = 8.5 10"M~ 


(measured) dynes em.~* 
= 


= AC’, (swollen) 


Figure 2 also includes the results obtained on the sulfur vuleanizates (Series 
G), which are also consistent with the same simple dependence of C, (swollen) 
on initial molecular weight. 


DISCUSSION 


The results in Figure 1 provide an empirical relationship between C, 
(swollen) and v, which agrees equally well with the Flory-Huggins and the 
modified Flory equations. In fact, all the results obtained on vulcanizates of 
widely differing initial molecular weights are of the same general pattern, thus 
confirming that Equations (6) and (6a) are not influenced by changes in the 
initial molecular weight of the rubber. 

It is important to note that, although the two theoretical relations are not 
significantly different in their ability to represent the experimental results over 
the range of volume swelling considered, the two curves given in Figure | are 
diverging at both ends of the range. Thus, in the interpretation of volume 
swelling data in terms of C, or M, for values of v, outside the experimental range 
examined, the choice of relation used will become increasingly critical as the 
value of v, lies further without the range. 

The mean value of u of 0.43(2) obtained for the accelerated-sulfur vulcani- 
zates is higher than that obtained for the peroxide vuleanizates (0.41(3)), 
while it is lower than the value of 0.44(3) previously obtained for accelerated - 
sulfur vuleanizates*. The source of the difference between the two values ob- 
tained for the sulfur vuleanizates can be traced to a different treatment of the 
samples before testing—the extraction with acetone to remove soluble matter 
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now adopted. This affects both the measurement of cross-sectional area in 
the determination of C, and the volume of dry samples in the determination of 
voluine swelling. In vulcanizates similar to those used in the previous investi- 
gation, the amount of acetone extractable material was found to be approxi- 
mately 1.5 per cent, and, allowing for this in the two corrections mentioned 
above, the value of w of 0.44(3) previously obtained reduces to 0.43(3) at a 
value of v, of 0.25. 

The observed difference between the values of uw for sulfur and peroxide 
vulcanizates can be accounted for similarly, ie., the diluent effect of the non- 
rubber constituents in the former. In this case a further small correction to the 
measured volumes of swollen samples should be applied. In the sulfur vul- 
canizates used, the volume of nonrubber material was approximately 5.0 per 
cent, this reducing the observed value of uw of 0.44(3) to 0.41(8) at a value of 
v, 0.25 (the magnitude of these corrections varies considerbly with the value of 
v,; the corrected values of « range from 0.40(9) to 0.42(7) for v, of 0.15 to 0.25, 
respectively). 

The close agreement of corrected value of uw for various sulfur vuleanizates 
provides strong evidence for the conclusion that w and yw’ for natural rubber vul- 
canizates swollen in decane are 0.4) (3) and 0.45(5), respectively, provided that 
correction is made for the diluent effect of any nonrubber materials present in 
the vulcanizate. 

The change of C, with the molecular weight of the rubber prior to vulcan- 
ization, which is shown in Figure 2, is apparently much more rapid than Flory’s 
theory predicts. The value of AC, (swollen) of 8.5 K 10% M~ dynes cm.~, 
which is obtained from the data in Figure 2 and given in Equation (8), is ap- 
proximately 3.7pRTM~™ instead of pRTM™ required by the Flory Equation (7). 
A correction sufficiently large to necessitate that due allowance should be made 
in quantitative studies, Previous endeavors to determine this correction 
experimentally have been made*"', That due to Flory was the most direct. 
It was found that the force required to extend Butyl rubber vuleanizates to a 
chosen elongation varied linearly with M~ for samples with a constant degree 
of crosslinking. Further, using the slopes and intercept of the linear relation- 
ship obtained and his simple theory for chain end corrections, Flory obtained 
values of the degree of crosslinking in excellent agreement with those deter- 
mined by independent means. At first sight this appears to contradict the 
results quoted above. However, estimates of M, obtained from the extrapo- 
lated value of the force, at infinite initial molecular weight, were seriously in 
error being approximately one-third of the expected value. As a result Flory 
modified Equation (1) to: 


f = — d*)(1 — 2M.M~) (9) 


where g was approximately 3 for the Butyl vulcanizates. The introduction of 
this factor proportionately increases the effective chain end correction in 
Equation (7). Hence, using a value of g of 3, Flory’s correction for chain ends 
is closely similar to that given in equation (8). 

However, there are reasons for treating conclusions based on Flory’s stress- 
strain measurements with reserve. The measurements were made on dry 
samples of the vulcanizates under nonequilibrium conditions, and to relate 
then: to volume swelling measurements Flory had to choose a value of u of 0.30. 
Ii his volume swelling measurements are considered to be the more accurate, and 
if a more realistic value of uw is chosen (Flory quotes a value of wu, determined 
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from osmotic pressure data, of 0.43), then it appears that the stress-strain 
measurements may well be 50-100 per cent in error. 

Bardwell and Winkler" in a more circuitous investigation using GR-S vul- 
canizates came to similar general conclusions to Flory. They obtained good 
agreement with theory in the dependence of the retractive force on the initial 
molecular weight, but the value of the force required was approximately 2.5 
times that predicted by theory. 

If the experimental results of the above authors are analyzed as in this 
paper, then the over-all discrepancies are not large, and they are considered 
relatively unimportnat. However, the significant feature is that to reconcile 
the results with Flory’s theoretical correction for chain ends demands the intro- 
duction of a factor g into the statistical theory. This clearly requires further 
experimental justification. The evidence in Part II’ is that a factor of this 
magnitude is not justified, and that the form of the correction is not really 
appropriate. 


APPENDIX 


Rivlin” has shown that in simple extension the stress-strain properties of 
vulcanized rubbers can be expressed in the form: 

Ow aw 
= 2Ao(A — | ) 
f ) ( ol, Ol, 

It is observed experimentally that, at high degrees of swelling, (@W/d/,) 
+“ (OW/dT,) is a constant independent of d; it does not, however, necessarily 
follow that this constant value of (@W/d/,) + ~'(@W/dT,) should be identified 
with 

Further the experimental observation that the stress-strain properties in 
simple extension can be represented by the relation: 


f = 2Ao(A — A*)(C; + AMC?) 


does not necessarily require that the value of C, obtained experimentally is 
identical to that of OW/d/,; it is possible that the value of C; may involve con- 
tributions from 0W/d/,. This has been discussed more fully by Rivlin and 
Saunders". 


SYNOPSIS 


This paper examines the relationship between the stress-strain properties of 
highly swollen natural rubber vuleanizates and their equilibrium volume swell- 
ing. It is shown that the empirical relationship obtained can be deseribed 
equally well by either the Flory-Huggins equation or the Flory Modification of 
this equation, and values of the interaction constant w for natural rubber in 
decane are determined. Observed differences in the values of uw obtained for 
sulfur and peroxide vulcanizates are interpreted in terms of the diluent effect 
of nonrubber constituents in the former. The effect of the initial molecular 
weight of the unmasticated rubber on these physical properties is examined and 
an empirical correction making allowance for chain segments terminated by a 
crosslink at only one end is obtained. The correction is larger than that de- 
rived by previous workers and possible sources of the observed differences are 
discussed, It is considered that internally self-consistent estimates of the 
degree of crosslinking of natural rubber vuleanizates may be obtained using 
the methods developed. 
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DETERMINATION OF DEGREE OF CROSSLINKING IN 
NATURAL RUBBER VULCANIZATES. PART II * 


C. G. Moore anno W. F. Watson 


Barrisnh Russer Propucens’ AAssoctaTion, 
Necywn Garpen Crry, Herts, Eno 


INTRODUCTION 


The physical properties of rubber vulcanizates are markedly dependent on 
the degree of crosslinking. According to the network-statistical theory of 
rubber elasticity, the general validity of which has been extensively confirmed, 
the work of deformation per unit volume, W, is given by: 


W = pRTM.“(A? + Ax? + — 3) (1) 


where M, is the average molecular weight between crosslinks, p is the density 
of the rubber, and A,, A», A; are the ratios of stretched to unstretched lengths 
along the three space coordinates'. From this fundamental expression, stress- 
strain relationships for chosen deformations can be obtained, in particular 
Equation (1) of Part I? for simple extension. Both for determining the 
efficiencies of crosslinking agents and for testing the absolute validity of 
statistical theory predictions it is clearly necessary to have an independent 


evaluation of M, by chemical determination of the degree of crosslinking. 

The chemistry of conventional vuleanization processes using sulfur is too 
complex for reliable determinations of crosslinking to be obtained by chemical 
means*. Recent methods employed to determine degree of crosslinking in- 
clude: (1) chemical evaluations from crosslinking methods using bifunctional 
agents', and (2) independent physical evaluations from sol-gel theory®. The 
former method is clearly more absolute and in the only crosslinking process 
investigated—intermolecular coupling with disazodicarboxylates, good agree- 
ment was apparently obtained between statistical theory predictions and the 
absolute degree of crosslinking‘. 

However, in the application of this method certain deficiencies are apparent. 
In particular it was assumed that each molecule of disazodicarboxylate com- 
bined introduced one crosslink‘, this assumption being based on the chemistry 
of interaction of a monofunctional azodicarboxylate with a simple monoolefin®. 
No experimental verification of this assumption was attempted in the case of 
the crosslinking reaction and thus the uncertainty remains of the extent to 
which disazodicarboxylates produce crosslinks quantitatively. It was also 
appreciated that the physical properties of the vulcanizate may be affected at 
high degrees of crosslinking by the size and polar nature of the crosslinks*. 

In the present work, chemical determinations of crosslinking have been 
obtained for the crosslinking of natural rubber by di-tert-butyl peroxide. The 
decomposition of this peroxide in the vapor phase’, and in solution*, and its 
reaction with monoolefins’, polyisoprenes, and natural rubber'® have been previ- 
ously investigated in detail. In the presence of rubber, di-tert-butyl peroxide 


* Reprinted from the Journal of Polymer Science, Vol. 19, lesue 92, February, 1956, pages 227-253. 
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undergoes unimolecular decomposition to two tert-butoxy radicals (R.1), which 
then react either (a) by abstracting a-methylenic hydrogen atoms from rubber 
(RH) forming tert-butanol and a polyisopreny! radical (R-) (R.2), or (b) by 
decomposing to give acetone and methyl radicals (R.3). The latter may also 
abstract a-methylenic hydrogen atoms from the rubber (R.4) or dimerize to 
give ethane (R.5). The polyisopreny! radicals R- undergo combination (R.6), 
and by a repetition of such processes finally produce a crosslinked rubber hydro- 
carbon network consisting solely of C-——C crosslinks and being devoid of the 
crosslinking agent: 


(CH,;),C—O—O—C(CH,), ———> 2 (CH;),C—O- (R.1) 
(CH,),C—O- + RH ———> (CH,),C—OH + R- (R.2) 
(CH,),C—0O- - + + CH,- (R.3) 

+ RH + CH, +R- (R.4) 

2CH;- — (R.5) 

2R- ———» R—R (R.6) 


If the assumption is made that the only fate of the polyisoprenyl radicals 
(R-) is the combination reaction (R.6) then the number of crosslinks in the 
vulcanizate is equal to $ (no. of molecules of tert-butanol plus methane) formed. 
Thus chemical determinations of the degree of crosslinking are readily obtained 
from the amounts of tert-butanol and methane formed during the vulcanization 
process, The extent to which this basic assumption is valid is considered in 
the discussion section 


EXPERIMENTAL METHODS AND MATERIALS 
MATERIALS 


Di-tert-butyl peroxide.—The commercial peroxide (Laporte) was extracted 
with 10% aqueous sodium hydroxide, washed with water, dried (CaCl,), and 
fractionated under reduced pressure to give the pure peroxide, b.p. 64.9 
65.2°/159 mm., np” 1.3890. Infrared spectroscopic analysis confirmed the 
purity of the peroxide and showed the absence of carbonyl and hydroxyl groups. 

tert-Butanol was carefully fractionated, b.p. 81.1°/742 mm. to 81.9°/755 
mm, Acetone and carbon tetrachloride were of A.R. grade. n-Decane 
(B.D.H.) was used without further purification. 

Natural rubber.—The rubber was deproteinized pale crepe (kindly supplied 
by Dr. G. J. van der Bie of Indonesian Rubber Research Institute (J.P.P. 
Karet)); found: N, 0.09%; [m], 5.1(g./100 ml.)~'; gel < 1%. This material 
was slightly degraded on a warm mill, sheeted out to a thickness of ca. 2-3 
mm., and dried by heating in vacuo at 80° for 5-11 days, the water and other 
volatile materials being collected in a side-arm tube cooled in liquid air. The 
viscosity data of the rubber samples, obtained in benzene at 25° using a B.S.S. 
grade | viscometer, are given in Table I. The drying process leads to rubbers 
having increased [9 ] and Huggins’ constant k’, but no gel component. Heating 
the dried rubber under the severest conditions used in the subsequent vulcaniza- 
tion reaction (24 hours at 140°) further increased [9] and k’, but again no gel 
was produced. The most probable cause of the increase in [9] and k’ on drying 
and heating is a small amount of branching" which may be neglected as com- 
pared with the degree of crosslinking subsequently produced by the di-tert- 
butyl peroxide. The number-average molecular weights of the milled rubber 
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TABLE I 
Viscosiry AND Mo.ecutar Weicur Data or Narurat 
Milled D.P. Crepe 

Rubber types 5 
fn] (g./100 ml.)~ 2.25 2.46 2.49 2.45 2.29 
ke’ - 0.44 0.46 0.43 0.44 
M,, (10>) 2.37 2.62 2.66 2.60 2.43 

Dried, Milled D.P. Crepe 


Rubber type 1 2 3 4 5 Ad Be 
fn] (g./100 ml.) 2.46 2.79 2.87 2.85 2.51 2.64 3.02 
- 0.58 0.52 0.62 0.61 0.54 0.62 0.58 


*k’ values are obtained from the Huggins equation; m»/c = (9) + k(n) 

6 Found: O, 0.45-0.55%: N, 0.09, 0.10% 

¢ Found: O, 0.42, 0.46%; N, 0.10, 0.11% 

4 A and B were dried, milled D.P. crepe, samples 1 and 2, respectively, which had been heated n vacuo 
for 24 hr. at 140° and 24 hr. at 80°. 


samples were determined from [7] values using an empirical relationship be- 
tween [7] and osmotic molecular weight found to apply for masticated natural 
rubber", 


CHEMICAL DETERMINATION OF DEGREE OF CROSSLINKING 


Determination of tert-butanol, acetone, and di-tert-butyl peroxide (by Dr. B.S. 
Waight and Mr. G. Higgins).—Quantitative analysis of mixtures of the three 
compounds in carbon tetrachloride solution was made by an infrared spectro- 
metric method (ef. Raley et al.*). Using a single-beam spectrometer equipped 
with rock salt and lithium fluoride prisms, calibration curves relating optical 
density of a characteristic band to the concentration of the solute (in g./100 g. 
of carbon tetrachloride) were set up for each compound separately. The bands 
used were at 3600 em.~' for tert-butanol, 1718 em.~! for acetone, and 873 em."! 
for di-tert-butyl peroxide. The calibration curves were subsequently shown to 
be applicable to mixtures of the three compounds. In the concentration ranges 
examined (tert-butanol 0.01-0.7 g./100 g. CCl,; acetone 0.002-0.35 g./100 g. 
di-tert-butyl peroxide 0.1-1.5 g./100 g. CCl,) no evidence of interference 
from overlapping bands and association between components was indicated. 
Determinations of the concentrations of the compounds in standard solutions 
indicated that the accuracy of the method was better than +2 per cent for 
tert-butanol and acetone and better than +5 per cent for the peroxide. Typical 
analyses of standard solutions are given in Table II. 

Determination of methane and ethane.— Methane and ethane were separated 
by low temperature distillation in the apparatus shown in Figure 4. The 
pressures exerted when enclosed in a calibrated volume V at a given temperature 
then provided their molar quantities. Trials with pure methane and ethane 


Il 


ANALYSIS OF Mixtures oF lert-BUTANOL, ACETONE, AND 
Di-tert-Butyt Peroxiwe 


t t t 
Conen. of solute (g./100 g. CCly) (Bu-OH {Bu-OOBu-} 
1: Original 0.2988 0.0494 0.1456 
Found by LR. analysis 0.297 (99.4%) 0.0488 (98.807) 0.153 (105%) 
2: Original 0.1070 0.0669 0.1424 


Found by I.R. Analysis 0.106 (99.0%) 0.0675 (100.9%) 0.136(102.7%) 
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showed this method to be satisfactory. Details of the technique used are given 
in the next section. 

Vulcanization technique and analysis of products—-A weighed amount 
(usually 5.00 g.) of the dried, milled, D.P. crepe rubber was introduced as small 
strips into the tube A of Figure | and pumped out overnight at <10~* mm. Hg 
pressure. The tap B was closed and a known weight (ca. 0.1 g.) of di-tert- 
butyl peroxide contained in the capillary tube C was connected to the vacuum 
manifold and frozen in liquid oxygen and the apparatus evacuated through 
tap D. Tap D was closed, tap B opened and the peroxide transferred to A by 
cooling the latter in liquid oxygen and gently warming the peroxide in C. With 
A cooled in liquid oxygen, the apparatus was re-evacuated to <10~ mm. Hg 
and A sealed off at E. The rubber was allowed to imbibe the peroxide for at 
least 16 hours at room temperature and vulcanization was then effected in the 
temperature range 110 to 140°. 


TO GAS - ANALYSIS 
apparatus 4) 


Fios. 1, 2, and 3.—Apparatus for the preparation of vuleanizates, and for the 
isolation and analysis of peroxide decomposition products. 


After vulcanization, tube A was attached to the apparatus of Figure 2 and 
to the gas-analysis apparatus of Figure 4, and the peroxide decomposition 
products analyzed for methane and ethane as follows. Tube A was cooled to 
—78° for | hour while the rest of the apparatus was evacuated to <10™4 mm. 
Hg. The seal at F wes broken and the gaseous products transferred to the 
spiral 8 of Figure 4 during 30 min. by cooling the latter in liquid oxygen. The 
tap G of Figure 2 was closed and the rubber warmed to room temperature for 
further degassing of the ethane fraction. The methane fraction in S was, 
meanwhile, transported by the Tépler pump to the known volume V and its 
pressure measured, The volume V was then evacuated in readiness for deter- 
mination of the ethane fraction. The rubber was recooled to —78° for 1 hour 
and ethane distilled during 30 min. into the spiral 8 cooled in liquid oxygen. 
This process was repeated twice more, after which the tap G was closed, the 
spiral S warmed to —78° and the ethane transferred to the known volume V. 
Finally the tube A was cooled in liquid oxygen and the total voltatile products 
(except methane) recondensed into A before sealing off at H. 
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(In earlier experiments the ethane was determined after only one distillation 
from the rubber (bracketed values in Table IIT) and under these conditions only 
75-80 per cent of the total ethane formed was accounted for. For the present 
purposes, the ethane determination is relatively unimportant, it being required 
only to correlate the yields of methane and ethane with the amount of acetone 
formed.) 

The total volatile products in A were transferred to the tube I of Figure 2 
by heating the rubber for 24 hours at 80° while tube I was cooled in liquid 
oxygen. The peroxide decomposition products were isolated from the rubber 
by sealing off at J, and then transferred to a known weight of carbon tetra- 
chloride contained in tube M of Figure 3 as follows. The carbon tetrachloride 
was frozen in liquid oxygen, the apparatus evacuated through taps K and L 
and then with tap K closed the seal at N was broken and the contents of I 
rapidly distilled into M, which was finally sealed off under nitrogen at ca. 700 


Kia. 4 Apparatus for the analysis of methane and ethane 


mm. Hg. The carbon tetrachloride solution was analyzed for tert-butanol, 
acetone, and di-tert-butyl peroxide by the infrared spectrometric method. In 
control experiments, with known amounts of the three components, the above 
technique gave high recoveries of all three components. Particular attention 
was paid to the percentage recovery of tert-butanol, and in three repeat experi- 
ments the following values were found: 97.0, 98.8, 101.1 per cent recovery. 
tert-Butanol could also be recovered quantitatively after being heated at 140° 
for 24 hours in the presence of rubber (found: 98.4, 100.7 per cent recovery), 
indicating the thermal stability of this compound at 140° in the rubber en- 
vironment. The adequacy of the technique for the quantitative recovery 
and analysis of the three compounds is confirmed by the good agreement which 
is found between peroxide input and peroxide accounted for as tert-butanol, 
acetone, and unreacted peroxide (Table III). The slight lack of reactant: 
product balance when the peroxide is virtually completely decomposed may be 
indicative of side reactions becoming significant after extensive reaction periods. 
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The details of vulcanization conditions and the analytical data are given in 
Table III. 

Identification of the peroxide decomposition products. (a) Liquid products. 

A sample of rubber (5.00 g.) was heated with the peroxide (0.1067 g.) in vacuo 
for 72 hours at 140°. Infrared spectroscopic analysis of the total volatile 
products revealed the presence of tert-butanol and acetone, and the absence of 
peroxide, other oxygenated compounds, and unsaturated compounds. 

(b) Gaseous products —The gaseous products from the reaction of rubber 
(50 g.) with peroxide (2.0 g.) in vacuo for 26 hours at 140° were separated into 
methane and ethane fractions as described above. Mass-spectrometric analy- 
sis of these fractions (kindly undertaken by Dr. J. C. Robb, University of 
Birmingham) gave the following results: 


“Methane” fraction “Ethane” fraction 


Compound Mole % Compound Mole % 


Methane ‘ Ethane 94.5 
CO(N:?) CO, 3.9 
Ethane 3.4 Butane 1.6 
Butene 

CO, 


~- 
The major gaseous products are, as anticipated, methane and ethane. 
Further confirmation of methane and ethane being the major components of 
the two fractions was obtained by comparison of the vapor pressures of the 
latter with those of standard samples at the same temperature. The methane 
fraction was measured over the range —196 to —183° and the ethane fraction 
over the range —130 to —100°: 


Vapor Pressure (rom. Hy) 


“Methane” fraction 10 29 

Methane standard 10 29 

“Ethane” fraction 22 40 

Ethane standard 22 y 40 ‘ 60 


In view of the minor contribution of methane to the total peroxide decom- 
position products (Table III) and the frequently smaller extents of peroxide 
decomposition than above, no correction has been made to the chemically 
determined degree of crosslinking for the higher molecular weight gases present 
in the methane fraction. 


PHYSICAL DETERMINATION OF DEGREE OF CROSSLINKING 


This was based on the equilibrium volume fraction of rubber in the swollen 
vulcanizate, v,, Selected pieces of the vuleanizate (ca. | g.) were accurately 
weighed and swollen in n-decane for 48 hours at 25°. After rapidly removing 
n-decane from its surface with filter paper, the swollen rubber was weighed in 
stoppered weighing bottles. Preliminary tests indicated that equilibrium 
swelling is obtained under these conditions and that there is no additional 
swelling after immersion in n-decane for periods up to 6 days. The swollen 
samples were dried to constant weight in vacuo at 80-90° and the rubber re- 
weighed, so giving an estimate of the amount of soluble material in the vul- 
canizate. The v, values recorded in Table III have been corrected for the sol 
content of the vulcanizates. 


63 84 
63 84 
120 175 
118 170 


RUBBER CHEMISTRY AND TECHNOLOGY 
EXPERIMENTAL RESULTS 


The experimental results are recorded in Table III. Reference to the 
amounts of peroxide taken and the relative yields of the various products formed 
under the different vulcanizing conditions can be made by noting that 5.00 g. 
of rubber was taken for all experiments except Numbers 15, 16, 18, 19, and 20, 
for which 4.80, 4.22, 3.50, 2.50, and 2.50 g., respectively, were taken. The 
free volume in the reaction tube for gaseous decomposition of the peroxide was 
25-30 ml. 

The concentrations of peroxide and decomposition products are given rela- 
tive to the weight of crosslinked rubber insoluble in n-decane. The sol frac- 
tions for all rubbers except at low degrees of crosslinking (4 M,, chemical < ca. 
0.2  10~*) were in the range 1-2 per cent. These are shown to be largely non- 
rubber constituents from their solubility in acetone and alcohol. For the most 
lightly crosslinked rubber (No. 21), the sol fraction was 3.4 per cent. Although 
the sol fractions undoubtedly contain some rubber hydrocarbon, it is preferable 
to relate product concentrations and the chemical determinations of crosslink- 
ing to the insoluble fractions since the sol portion will contain a negligible 
number of the crosslinks (according to network analysis® the fraction of cross- 
links which are present in a sol of weight fraction S is given by S?) and the com- 
pagative physical estimates of crosslinking based on volume swelling measure- 
ments are, by definition, those for the insoluble network. 

The ratios of acetone: tert-butanol conform to the anticipated influence of 
experimental conditions on the relative rates of the competitive processes (R.2) 
and (R.3), viz. that the proportion of acetone is greater under conditions favor- 
ing gas-phase decomposition. Thus the ratio is increased by reducing the 
volume of rubber relative to the volume of the reaction tube (ef. No. 17 with 
Nos. 19 and 20), and is also increased at higher reaction temperatures (cf. Nos. 
1-14 with Nos. 33-36). Under conditions of constant temperature and con- 
stant rubber volume: reaction tube volume, the acetone: tert-butanol ratio 
remains approximately constant with extent of reaction (see Nos. 1-14), as 
expected from the equilibrium partition of peroxide between condensed and gas 
phase. 

The efficiency of hydrogen abstraction from the rubber hydrocarbon, 
measured by: 


t t 
100([Bu-OH + (CH,])/((Bu-OH] + [Me,C=0)) 


varies between 70 and 85 per cent, there being a tendency for a higher efficiency 
of this process at lower reaction temperature. The above evidence for gas- 
phase decomposition of the peroxide being an important factor in promoting 
(R.3) and (R.5), considered wasteful in the present context, suggests an 
efficiency of hydrogen abstraction, and thus of crosslinking, approaching 100 
per cent when no gas-phase decomposition is possible, as occurs in technological 
moulding methods of peroxide vulcanization. 

The chemical determination of crosslinking is expressed in Table III as 4 
M., where M, is the average molecular weight between crosslinks. This 
quantity is equal to (1/N) (the number of crosslinks)/g. rubber, where N is the 
Avogadro number. Hence it is equal to the measured quantity 4 (moles tert- 
BuOH plus moles CH,) produced in crosslinking one gram of rubber. 

Physical determinations of crosslinking in units of 4} M, were obtained from 
the volume swelling ratios, v,, of Table III by the methods of Part I. The », 
values were converted first to C, values using the empirical Flory-Huggins Equa- 
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tion (6) given as the full line of Figure 1 in Part I. These C, values then re- 
quired correction for the finite initial molecular weight of the unvulcanized 
rubber by use of Figure 2 in Part I. The values of initial molecular weight 
chosen were those corresponding to the viscosities of the milled, undried rubber 
(Table I). 

The unmodified Flory-Huggins Equation (6) of Part I was chosen rather 
than the modified equation (6a) merely because of its simpler form. Within 
the practical range of C, determination (20,000 > M, > 5,000), the alternative 
use of (6a) leads to only small changes in C, obtained from the experimental », 
values. However, evaluation of C, from v, outside the practical range requires 
extrapolation of Equations (6) and (6a), when increasingly diverging C’,; values 
are obtained with extent of extrapolation. 

The C, values corrected for finite initial molecular weight finally provide 
physical estimates of 4 M, from the relationship: C; = pRT/2M,., where 
p = 0.910 g./ml. is the measured density of the peroxide vuleanizates. To 
illustrate the considerable influence of finite initial molecular weight on the 
extent of swelling, the measured v, values are compared in Table III with »v, 
(corr.) values, the latter being the anticipated volume swelling ratios for rubber 
of infinite initial molecular weight. 


DISCUSSION 


CHEMISTRY OF PEROXIDE DECOMPOSITION AND 
CROSSLINKING REACTIONS 


The detailed investigations of di-tert-butyl peroxide decomposition in the 
gas phase’ and in solution in alkylbenzenes* and olefins’ suggest that the 
reactions (R.1-R.5) are operative when the peroxide decomposes partly in 
solution in rubber hydrocarbon and partly in the gas phase. The high over-all 
percentage of initial peroxide accounted for as tert-butanol, acetone, and unre- 
acted peroxide (Table III) confirms that (R.1-R.4) represent the predominant 
mode of peroxide decomposition. The yields of methane and ethane relative 
to acetone are also consistent with (R.3-R.5), it being found that: 


The data of Table III also reveal kinetics of peroxide decomposition con- 
sistent with those found previously’*. Taking the observed values of 4 (moles 
tert-Bu-OH + moles Me,C=Q) as a measure of the amount of peroxide decom- 
posed, first order rate constants have been obtained in the temperature range 
110-140° for the first 50 per cent decomposition : 


Temp. (° C) ki (10°) sec. ™ 


4.62 8.D.* (0.15) 
1.45 (0.08) 
0.432 (0.021) 
0.109 (0.007) 


*8.D. is the standard deviation. 


The constancy of the k, values determined from the experiments at 140° shows 
the accuracy of the experimental method used to determine the yields of tert- 
butanol and acetone: 


Expt. No. : f 6 7 
ky 10° (sec.~') at 140° 4.73 4.61 4.69 
Expt. No. 13 

ky & 10° (sec.~') at 140° 4.64 


140 
130 
120 
110 
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The rate constants at the other temperatures are less accurate owing to the 
limited number of rate measurements made. The above rate constants give 
values for the pre-exponential factor and Arrhenius activation energy of ca. 
1 K 10'* sec.’ and ca. 38.5 keal./mole, respectively, which are in satisfactory 
agreement with previously published values’ *. 

The present data confirm that (R.1)-(R.5) represent the major decomposi- 
tion paths of the peroxide. It remains now to consider the evidence for com- 
bination (R.6) being the sole fate of the polyisoprenyl radicals R- produced in 
(R.2) and (R.4). It must be admitted that no unequivocal evidence is yet 
available indicating exclusive combination of these radicals in the case of rub- 
ber hydrocarbon. However, there is indirect evidence supporting this conten- 
tion. The experimentally observed exclusive combination of allylic radicals 
produced from symmetrical dialkylethylenic monoolefins by the peroxide* 
(R.7)-(R.S8) is certainly suggestive of (R.6) occurring with the polyisoprenyl 
radicals derived from natural rubber: 

CH,-CH=CH— + (CH,),C—0- > 

CH CH + (CH,),;C—OH_ (R.7) 

CH=CH 
(R.8) 

CH=CH 
In the case of the polyisoprene molecule hydrogen abstraction by tert-butoxy 
or methyl radicals can occur at the three a-methylenic positions (a), (b) and (ce), 
the relative ease of hydrogen abstraction” being (a) > (b) > (c). Such proe- 

esses will lead to six mesomeric structures (A), (B), and (C): 


CH; CH; 


(A) 
—CH,—C=CH—CH «—>—CH;—C 


CH, CH, 
C=—CH—CH,—»—CH 
CH, 
» 


In the case of monoolefins containing the trialkylethylene structure, radical 
combination is again the sole fate of the resonance stabilized radicals, and 
infrared spectroscopic evidence confirms the presence of R-—-CH=CH—R'! and 
CH,=CRR! groups in the dehydropolymeric products as required by the 
resonance structures (A) and (C)®. When the radicals (A)—(C) are formed 
from di- and polyisoprenes it becomes possible for the radicals to undergo 
cyclization to produce substituted cyclohexenyl or cyclopentenyl radicals prior 
to combination, e.g.: 
CH; CH, 


Experimental demonstration for such cyclization is found in the fact that the 
dehydropolymerie products from 2,6-dimethylocta-2,6-diene and digeranyl 


20 
(c) 
CH, 
CH,—C=-CH—CH,; 
(bh) (a) 
+ 
CH; CH, 
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retain only 82 and 72 per cent, respectively, of the unsaturation of the original 
olefin compared with 100 per cent retention of unsaturation in dehydropoly- 
mers derived from 

Application of the following simple probability argument to the earlier 
semiquantitative data of Farmer and Moore” shows that, despite the com- 
plexity of the radical forms obtainable from polyisoprenes and the tendency for 
such radicals to cyclize, the predominant fate of all radical species is ecombina- 
tion. It is assumed that all isoprene units have equal reactivity and may 
undergo only one hydrogen abstraction during the extent of the reaction meas- 
ured, and that radicals are exclusively terminated by combination. Let p be 
the probability that any isoprene unit undergoes hydrogen abstraction. Then, 
for example, for the reaction of 3 moles of 2,6-dimethylocta-2,6-diene with | 
mole of peroxide under conditions leading to complete decomposition of the 
latter, p = 4, and the anticipated recovery of monomer is 100 (l-p)? = 44 per 
cent. The experimental value of monomer recovered was about 50 per cent 
Similarly, for the reaction of 1.5 moles of digeranyl (containing four isoprene 
units) with | mole of peroxide, p = 4, and thus the anticipated recovery of 
digeranyl is 100(l-p)* = 20 per cent, compared with the experimental value of 
20 per cent, It is therefore concluded that no experimental evidence is avail- 
able suggesting that polyisoprenyl or the derived cyclic radicals undergo 
stabilization by disproportionation, since the latter process would lead to 
products mainly of the same molecular complexity as the parent olefin and so 
would result in less dehydropolymer than would be predicted by the above 
argument. 

A further possible complication is that a measure of nonrandom crosslinking 
may occur. For example, coupling of the mesomeric radicals (A) and (B) will 
lead to crosslinked units having a 1,4-diene structure possessing a central 
a-methylenic group, (d), of enhanced reactivity towards hydrogen-abstracting"™ 
radicals: 


CH; (d) CH, 
| | 
CH:—C—CH CH—CH;—C=CH—CH; 
(x) 
(A) 
CH, (d) CH, 


(y) 
(B) 


A chain segment between (xz) or (y) and (d), produced by a subsequent coupling 
reaction at (d), would lead to a colonization of crosslinks, and so result in a 
loss of elastically effective crosslinks. However, calculations based on extra- 
polation of relative hydrogen-abstraction reactivities’ to the temperatures 
employed in the present work, and consideration of the small fraction of the 
isoprene units that become located at crosslinks show that this complication 
can be neglected for rubbers in the elasticity range. 

Another possibility is the coupling of radical species such as (C) (see above) 
to yield vinylic groups, CH,=CRR', capable of addition polymerization. 
Additional crosslinking by this mechanism is regarded as unimportant in the 
present system because of: (1) the minor contribution of the radicals (C) to the 
total polyisopreny! radicals, and (2) the low degree of polymerization effected 
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with olefins of the type CH.=CRR!, where R and R' contain a-methylenic 
hydrogen atoms. 

Disproportionation of polyisoprenyl radicals, crosslink colonization, and 
addition polymerization also seem improbable from a consideration of cross- 
linking at different temperatures. Even a small difference in the activation 
energies of the radical combination and the above processes would lead to a 
detectable change in efficiency of rubber crosslinking with variation in tempera- 


(/em,) 


o2 o* oe 
CHEMICA. DETERMINATION OF CROSS-LINKING (i/2 Mc) 


Fia. 5.—Comparison of physical and chemical values of degree of crosslinking (1/2 M.). Full line, 
Broken line, theory. (@) Vulcanization at 140° C, (0) at 130° (CO) at 120° C, (9) 
at 110°C, 


ture. In fact no systematic variation of the chemical to physical values of 
crosslinking at different reaction temperatures was observed in the range of 
110-140° C. (See Figures 5 and 6). There appears, therefore, some experi- 
mental justification for the assumption made here that all polymer radicals 
derived from the rubber by a-methylenic hydrogen abstraction undergo ex- 
clusive combination to give elastically effective crosslinks, and thus that the 
yields of tert-butanol and methane can be used to determine the degree of cross- 
linking. 
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PHYSICAL AND CHEMICAL DETERMINATIONS OF 
DEGREE OF CROSSLINKING 


It is pertinent to consider the measure of agreement between the chemical 
and physical determinations of degree of crosslinking, 4} M., for rubber of 
infinite initial molecular weight. Values of 4 M, determined from swelling 
measurements using the Flory-Huggins Equation (6) of Part I are plotted 
against the chemical values of } M, in Figure 5 and as curve (A) in Figure 6. 


% 
i 


os” 
CHEMICAL DETERMINATION OF CROSS-UNKING 


Fig. 6.--Comparison of physical and chemical values of degree of crosslinking (1/2 M.). Curve (A), 
experimental, using Equation (6) of Part I*, Curve (B), experimental, using Equation 6(a) of Part I’, 
Curve (C), theory. (@) Vuleanization at 140° C, (0) at 130° C, (() at 120° C, (F) at 110° C. 


Curve (B) of Figure 6 shows the comparison of chemical with physical values 
using the modified Equation (6a) of Part I. There is seen to be a considerable 
divergence between the experimental values and those required by elasticity 
theory (broken line), this divergence being in the sense of the physical value of 
crosslinking always being greater than the chemical value. The divergence 
apparently increases with increasing degree of crosslinking. Greater diver- 
gence from theory will be observed if the present assumption of exclusive com- 
bination of polyisopreny! radicals is invalid. 

The main divergence between physical and chemical determinations of 
crosslinking is expressed by an intercept term of about 0.3 «K 10~‘ and 0.24 x 
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10~* on the axis of the physical determination of } M, at zero degree of chemical 
crosslinking, using Equations (6) and (6a) of Part I, respectively. These 
intercepts imuly that infinitely long rubber molecules before crosslinking would 
behave elastically as if they possessed crosslinks. In keeping with previous 
suggestions, these nonchemical crosslinks may be considered pictorially as 
chain entanglements, giving the equivalent of one crosslink for every 245 or 
305 isoprene units, respectively, for the above values of the intercept. [Mr. 
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4 
CHEMICAL DETERMINATION OF CROSS-LINKING K10 
Kia. 7. Comparison of di-tert-butyl peroxide and disazodicarboxylates as crosslinking agents. Curve 
(A), resulta of Flory et al.,4 using decamethylene dismethyl azodicarboxylate. Curve (8), results of curve 


(A), corrected to those obtained for the vuleanizate in the swollen state. Curve (C), present results with 
peroxide crosslinking 


L. Mullins has pointed out that this interpretation would lead to a correction 
for finite initial molecular weight in addition to the Flory end-correction. If 
entanglements are the cause of the intercept, it seems reasonable to assume a 
constant average frequency of entanglements along the rubber molecules 
except in segments with free ends. With no entanglement contribution for 
the free-end fraction, containing a proportion 2M,M~™ of isoprene units, the 
contribution of apparent crosslinks ascribable to entanglements is of the form: 


A(4 = 0.311 2M.M™) x 
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Thus, the Flory end-correction and this possible entanglement correction to- 
gether relate the physical degree of crosslinking (4 M.. prys.), to the absolute 
degree of crosslinking (4 M,chem.), by: 


(3 M «, phys.) = (4 M chem.) (1 M M 
+ 0.3(1 — 2 Mechom.» 1074). 


The physically determined values of 4 M, may be increasingly over-esti- 
mated at higher degrees of crosslinking, accounting qualitatively for increasing 
divergence between physical and chemical determinations of 4 M,, due to: 
(1) the statistical theory not being obeyed to an increasing extent (the value 
of Cy being zero only at high degrees of swelling)’; and to (2) the finite extensi- 
bility of chains at high degrees of crosslinking contributing to the experimental 
values of C;. 

Finally, a comparison is made in Figure 7 between the present results with 
peroxide crosslinking, curve (C), and the previous results of Flory et al.* based 
on decamethylene dismethyl azodicarboxylate as the crosslinking agent, curve 
(A). For a better comparison, the physical measurements expected for the 
disazodicarboxylate crosslinked rubbers in the highly swollen state have been 
calculated by Mr. L. Mullins, and are represented as curve (B). Applying 
the somewhat larger empirical end-correction® than that previously envisaged* 
will only slightly modify curve (B). A comparison of curves (B) and (C) sug- 
gests, therefore, that the disazodicarboxylate is a relatively inefficient cross- 
linking agent, and support for this has been found in recent studies* of the 
reaction of ethylazodicarboxylate with a diisoprene. 

Since the method detailed in Part I provides a means of converting experi- 
mental v, values into physical values of 4 M,, the data of Figures 5 and 6 can 
be used to determine the chemical degree of crosslinking for conventional vul- 
canizates of known initial molecular weight. Thus by measurement of v, for 
any vulcanizate, an experimentally simple procedure, the number of effective 
primary valence crosslinks/g. rubber can be determined and related to the 
amounts of vulcanizing agents chemically reacted, so giving a measure of the 
crosslinking efficiency of vulcanizing agents and quantitative expression to the 
funetion of accelerators and auxiliary compounds (zine soaps, ete.) used in 
conventional vulcanization. 


SYNOPSIS 


Natural rubber vulcanizates have been prepared by a method permitting 
determinations by chemical analysis of the number of crosslinks introduced 
The crosslinking agent was di-tert-butyl peroxide, and the peroxide and its de- 
composition products—tert-butanol, acetone, methane, and ethane—were 
determined by infrared spectroscopic and manometric methods.  tert-Butanol 
and methane result from the abstraction of a-methylenic hydrogen atoms from 
the rubber hydrocarbon by means of tert-butoxy and methyl radicals, respec- 
tively. On the assumption that the resultant rubber hydrocarbon radicals 
undergo exclusive mutual combination a chemical evaluation of degree of 
crosslinking, 4 M,, is given by 4 (moles of tert-butanol + moles of methane), 
where M, is the average molecular weight between crosslinks, Physical values 
of 4 M,. for rubber of infinite initial molecular weight have been obtained by 
determining the volume fraction of swollen rubber, v,, in n-decane, and by 
using the method described in Part I for correcting for the finite initial molecu- 
lar weight of the rubber. A comparison of the physical and chemical values of 
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4 M, indicates that the former is greater than the latter for all degrees of cross- 
linking, the major divergence being accounted for by an additive term which is 
pictorially visualized as due to entanglements. 
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CROSSLINKING AND RADIATION EFFECTS IN SOME 
NATURAL AND SYNTHETIC RUBBERS * 


A. CHARLESBY AND (Miss) D. Groves 


Aromic Eneroy Researca Harwer 


INTRODUCTION 


In the various fields of research opened by the development of atomic piles 
and by the increasing availability of other sources of high energy radiation, that 
concerned with the irradiation of long chain polymers has developed consider- 
ably in the last few years. High energy radiation permits us to modify the 
physical properties of many of these polymers at will and is of importance as a 
possible alternative to the existing chemical techniques and as a new method 
for use when these techniques are not available. It can also serve as a valuable 
tool for research into the physical and chemical properties of long chain mole- 
cules, starting with the simplest of polymers and gradually entending the in- 
formation thus gained to the study of the more complex systems, with the hope 
of eventually being able to apply this knowledge to biological systems. 

The commercial application of this discovery to the vulcanization of rubber 
is still very much a matter of the future. Chemical techniques have been in- 
tensively studied and developed over a period of years, and unless physical 
crosslinking offers marked advantages over the established procedure, chemical 
processing of rubber is unlikely to be greatly affected on the industrial scale. 
Such advantages will only become evident as a result of research and develop- 
ment. In any case, industrial applications on a large scale will be possible only 
when suitable sources of high energy radiation become available at a competi- 
tive cost. The existing atomic piles are not adapted to irradiation treatment of 
large quantities of material, and the radiation produced by them largely runs to 
waste in the shields. Once a use for this waste radiation has been established, 
future atomic reactors could be designed to accommodate suitable irradiation 
holes in their outer shields, through which conveyer belts would move the ma- 
terials to be treated. Other sources of high energy radiation, such as linear ac- 
celerators and fission products, offer alternative means of irradiation, and are 
being developed to produce the large output of energy required to carry out 
these processes on an industrial scale. The work outlined in this paper is in the 
nature of an exploratory report, in which are briefly compared the changes in 
behavior of a number of natural and synthetic rubbers, after being subjected to 
irradiation in an atomic reactor. 

The long chain polymers studied so far have been found to fall into two 
groups. The first consists of those molecules which become crosslinked (or 
vulcanized) under the effect of high energy radiation. Polyethylene and poly- 
styrene fall in this first group. The second group contains polymers in which 
the effect of radiation is to break the main chain at random, thereby reducing 
the average molecular weight. Polymethyl methacrylate and polytetrafluor- 
ethylene behave in this manner. In each case the existing experimental evi- 


* Reprinted from the Proceedings of the Third Rubber Technology Conference, London, 1954 (published in 
1956) pages 317-330 
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dence indicates that the density of crosslinking or main chain fracture is pro- 
portional to radiation dose. This enables us to study quantitatively many of 
the physical changes resulting from irradiation. The same two groups are 
found when rubbers—both natural and synthetic—are irradiated. Natural 
rubber and Neoprene crosslink under radiation; polyisobutylene degrades to a 
viscous liquid. Weare therefore able to produce the equivalent of a vulcanized 
rubber, free from any chemical additive, and with any desired degree of cross- 
linking. 

In this paper some measurements are given of the solubility and swelling of a 
number of rubberlike materials, after they have been irradiated to varying ex- 
tents in the B.E.P.O. pile at Harwell. These results enable us to distinguish 
between those materials which crosslink (as rubber) and those which degrade 
(as polyisobutylene). Tests are reported on natural rubber, polyisobutylene 
and its copolymer with styrene, polybutadiene and its copolymers with styrene 
and with acrylonitrile, polychloroprene, and some Thiokol polymers. The unit 
radiation referred to corresponds to a flux of 10'’ slow neutrons/cm.’, plus the 
associated fast neutrons and gamma radiation in the center of the B.E.P.O, 
atomic pile. Where comparative tests have been carried out, this unit dose 
has been found equivalent to a pure gamma radiation dose of about 45 million 
roentgen. In rubber and in other long chain polymers, a gel can be formed 
after an exposure of about one million roentgen while changes in viscosity of 
soluble polymers are observed at very much shorter radiation doses, of the 
order of minutes in the pile. When irradiation takes place by means of linear 
accelerators (producing high voltage electron beams), much shorter exposures 
are needed, but the amount of material capable of being irradiated simultane- 
ously is much smaller. Although no definite statement can yet be made, exist- 
ing evidence indicates that the effects produced by high-energy radiation depend 
mainly on the total energy absorbed, and not on its nature—neutrons, electrons, 
x-rays, and y-rays, ora particles. The radiation doses quoted in this paper can 
therefore be expressed at least approximately in terms of energy absorbed, unit 
pile radiation being equivalent to an energy deposition of about 100 calories/gm. 


MEASUREMENT OF CROSSLINKING AND DEGRADATION 


Solubility.—Crosslinking between molecules, initially separate, can be 
readily demonstrated by the change in solubility. If the original material is 
soluble in an organic solvent, a small degree of crosslinking will increase the 
average molecular weight, by linking together molecules in twos and threes, 
but the material will still be soluble. This initial stage of crosslinking can be 
shown by an increase in viscosity of the solution. For a larger degree of cross- 
linking a critical point is reached (the gel point), at which a small insoluble (or 
gel) fraction appears. This is a structure formed by linking together some of 
the molecules into a network, theoretically of great molecular weight. The 
remainder of the specimen, consisting of molecules not linked together, and 
those linked together to a limited extent only (e.g., in pairs), is still soluble, 
and forms the sol fraction. With increasing degrees of crosslinking the gel 
fraction g increases, and if no main chain fracture occurs, approaches 100 per 
cent. 

The gel point can be shown to occur when there is an average of one cross- 
linked unit per “weight average’ molecule. We may define a crosslinking 
coefficient 6 as equal to the average number of crosslinked units per “weight 
average’ molecule. The relation between the gel fraction g, and the crosslink- 
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ing coefficient 6, may be evaluated theoretically, on the assumption of random 
crosslinking. The shape of the gel-crosslinking curve depends on the initial 
molecular weight distribution. Figure 1 shows the relationship for two simple 
distributions : 


(a) All molecules initially of the same size (uniform distribution). 

(b) An initial molecular weight distribution following a random distribution 
law, as is obtained by random fracture of an infinitely long molecule. If 
n is the number of molecules of weight M, then n is proportional to exp. 
(— M/M,,) where M,, is the number average molecular weight. 


If the specimen prior to irradiation is already partly crosslinked, the char- 
acter of the shape is altered. Figure 1 shows, in broken lines for a uniform dis- 
tribution, the calculated gel-crosslinking curve if there are present, in the 
initial distribution, an average of 1 or 2 crosslinked units per molecule. In thin 
full lines are shown the corresponding calculated curves for an initially random 
distribution containing on the average 0.5, 1, 1.5, 2, and 4 crosslinked units per 
initial molecule. 

Swelling.—An alternative means of tracing changes in crosslinking is by 
swelling measurements. This will obviously be possible only if the crosslinking 
coefficient 6 is greater than unity, so that some gel is present. According to 
the Flory-Huggins theory the relation between volume swelling ratio V and 
crosslinking can be written in the form 


| ] 
n(i- +5 ya + = 0 (1) 


where V is equal to the ratio of swollen polymer plus solvent, to that of the initial 
dry polymer, uw is a parameter defining the reaction between polymer and solvent, 
M, is the average molecular weight between crosslinks, p is the density of the 
dry polymer, and v is the molar volume of the solvent. 

In many cases this equation can be simplified : 


V5? = (0.5 — M./pv (2) 


M, can be expressed in terms of the weight average molecular weight M, and 
the number of crosslinked units per weight average molecule (8). 


V5 = (0.5 — nw) M,,/pvd (2a) 


The approximation fails if 0.5 — wis very small. It also ceases to hold for 
very high, or low, density of crosslinking. In this last case one may no longer 
neglect end effects, crosslinks necessary to form the gel (as distinct from those 
which turn the gel into a network), the presence of a soluble fraction (which does 
not contribute to the swollen polymer), or the difference in crosslinking density 
as between sol and gel. In practice, it is found that many of these effects 
balance each other out, and the simple relation given above holds down to 
values of 6 of about 2. Below this value the vo'ume swelling ratio sinks to 
zero (at 6 = 1) for although the average distance between crosslinks increases, 
the amount of gel material available to swell drops very rapidly. When these 
various corrections are made, a curve similar to that in Figure 3 is obtained 
when the swollen volume ratio V is plotted against 6 on a log-log plot. Over 
most of the curve the plot is a straight line of slope —0.6, the curve dropping 
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‘ 2 = 
Crosslinking coefficient 6 


Fic. 1,—Relation between sol fraction (s) and crosslinking coefficient (4) 
for two initial molecular weight distributions. 


away for small values of 6 in a manner which depends on the molecular weight 
distribution, and departing from the linear plot for high values of 6, when the 
approximations used to derive (2) are no longer valid. The maximum height 
of the curve depends on (0.5 — yu) /pv. 

If we assume that the density of crosslinking is directly proportional to 
radiation dose R, then 6 is proportional to R, and if K represents the probability 
of a given monomer being cross-linked per unit radiation 


6 = KRM,,/m = KR(D.P.) 


where m is the weight of the monomer unit, and (D.P.) is the degree of poly- 
merization. Furthermore 


= (0.5 — uw) m/K Rov (3) 


On a log-log graph a plot of volume swelling ratio V against radiation dose R 
should give a straight line plot of slope —0.6. From the position of this line 
the ratio (0.5 — u)/K can be deduced. 

Elastic measurements.-From thermodynamic reasoning it is possible to 
deduce an expression for the elastic modulus (Young's modulus) E for a rubber- 
like material in terms of the density of crosslinks. For small extensions 


E = 3pR,T/M. (4) 
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where p is the density of the rubber, R, is the gas constant, 7 the absolute tem- 
perature, and M, is the average molecular weight between crosslinks. In 
terms of the crosslinking coefficient 6 


E = 3pR,T6/My 
= 3oR,TKR/m (5) 


According to this equation it should prove possible to deduce the crosslinking 
coefficient 6, or the proportion of units crosslinked (equal to KR) from the elastic 
modulus. One of the difficulties found in practice arises from the presence of 
entanglements, and secondary van der Waals forces between molecules, which 
increase the modulus by an unknown factor, since they may act as weak cross- 
links for small extensions. As a result, elastic measurements cannot be relied 
on to measure crosslinking in a quantitative manner. 


NATURAL RUBBER 


A report dealing with the changes produced when unvulcanized rubber is 
irradiated has already been published by Charlesby'. The process of cross- 
linking by irradiation was followed by the changes in viscosity of the sol fraction, 
and by measurements of the insoluble (gel) fraction, as a function of radiation 
dose. Some of the more recent work, using smoked sheet rubber irradiated in 
the B.E.P.O. pile at Harwell, is described here. The solubility of a specimen 
of smoked sheet rubber, irradiated for varying amounts, is shown in Figure 2. 
Small specimens of the rubber were irradiated for various periods in the 
B.E.P.O. pile, and placed in a large amount of benzene at 20° C for periods of 
several weeks. The swollen weights were measured periodically, the benzene 
being replaced with fresh solvent on each occasion. Subsequently, the gel 
fraction was dried and weighed, while the solvent was evaporated in a vacuum 
to give the sol fraction. The sum of sol and gel differed from the total initial 
weight by less than | per cent. 

A comparison of Figures 2 and | show that originally the molecules were not 
crosslinked, but became so as a result of radiation. The smaller slope of the 


Sol Fraction, s 


Radiation Dose (Pile Units) 


Fie. 2.—-Solubility of irradiated smoked sheet 
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experimental curve for rubber, as compared with those for a uniform or random 
distribution (Figure 1) indicate that the molecular weight distribution is a very 
wide one indeed, there being a higher proportion of both very long and very 
short molecules than occurs in a random distribution. A radiation dose of 
0.02 unit of pile radiation is sufficient to produce incipient gel formation, with 
one crosslinked unit per molecule on the average. 

Figure 3 shows the volume swelling ratio for rubber in benzene at 20° C. 
The curve shows the predicted initial rise to a maximum value for V of about 
45, with a subsequent drop. The slope of the linear position of the curve is 
—0.6 a8 required by theory if the density of crosslinks is proportional to radi- 


T 


Swelling Ratio 


Radiation Dose (Pile Unit) 


Fie, 3.—-Swelling of irradiated smoked sheet in benzene at 20° C. 


ation dose. The experimental results in this region, which extend fromé = 1.5 
at radiation dose 0.03 to about 6 = 100 for a radiation dose of 2 units, can be 
expressed as 


= 22.6/R 


This equation is of the form given in the theoretical Equation (3) and shows 
that the degree of crosslinking is proportional to radiation done over an ex- 
tensive range, extending from a soluble rubber to the equivalent of a highly 
crosslinked material which is somewhat brittle, and has begun to take on many 
of the characteristics of an overvulcanized material, at about 2 to 3 units of 
radiation. 

A direct comparison can be made between the effect of chemical vulcaniza- 
tion, and radiation crosslinking, by comparing the swelling ratios of two types 
of rubber in the same solvent. Gee? has given data on the swelling of rubber 
in benzene in terms of the average molecular weight between crosslinks M.. 
His results on swelling are consistent with ours on the assumption that unit 
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radiation crosslinks about 0.7 per cent of the isoprene units. This value is 
somewhat lower than that (1.1 per cent) obtained earlier on the basis of swelling 
in decane (Charlesby'). 

Preliminary experiments on the elastic properties of irradiated rubber also 
confirm this linear relation between crosslinking density and irradiation dose. 
Figure 4 shows the Young's modulus of irradiated rubber specimens for low 
degrees of extension. It is seen that a linear relationship is obtained: 


E = 1.6 X 10® = 7.4 x 10°R (6) 
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Radiation Dose (Pile Units) 


Fia. 4,-—-Elastic modulus of irradiated rubber. 


Apart from the small constant term (1.6 10°) which also occurs in unir- 
radiated material and which may arise from entanglements, this equation 
agrees in character with that (5) given by theory. By comparing these two 
equations it is deduced that 0.8 per cent of the isoprene units become cross- 
linked per unit radiation. This value falls between the two values (0.7 per 
cent and 1.1 per cent) deduced from swelling measurements, and shows that the 
effects due to chain entanglements are small for well-vuleanized rubber and 
need be considered only for very low degrees of crosslinking. 

During irradiation gases are evolved. Mass spectrometer analysis shows 
that these gases consist almost entirely of hydrogen (about 98 per cent) with 
only a small amount of low hydrocarbon. This indicates that crosslinking is 
associated with the removal of hydrogen from the isoprene units, crosslinking 
taking place through the free valencies formed. 


GUAYULE RUBBER 


To check on the results obtained with smoked sheet rubber, a few samples of 
guayule rubber were irradiated, and the solubility and swelling measured. A 
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much higher radiation dose was needed to render this type of rubber insoluble 
(0.1 unit as against 0.02 for smoked rubber sheet). Since the percentage of 
monomer units crosslinked is independent of molecular weight, and incipient 
gel formation first occurs at one crosslinked unit per weight average molecule, 
it follows that the weight average molecular weight of the guayule rubber was 
about one-fifth of that of the smoked sheet studied. 

For high radiation doses, when there are many crosslinks per molecule, and 
end effects may be neglected, there should be little difference between guayule 
rubber and smoked sheet. This is confirmed in swelling measurements when 
the swelling ratios of guayule are similar to those of smoked rubber for the 
same irradiation dose. 


POLYISOBUTYLENE 


By analogy with the effects observed with polyethylene and rubber, one 
might expect polyisobutylene to crosslink under irradiation. In fact, it de- 
grades rapidly by main chain fracture, being converted into a viscous liquid 
after a few units of radiation. A detailed investigation on the degradation of 
polyisobutylene will be published separately. For the present purpose it is 
sufficient to indicate that main chain fracture occurs at random, the number of 
fractures being proportional to radiation dose. Unit radiation dose results in 
the fracture of 1.3 bonds per hundred monomers (as compared with about one 
crosslinked unit per hundred in rubber). 

Since fracture occurs at random, the molecular weight distribution in the 
irradiated polymer rapidly tends towards the random distribution, defined as 
one in which the number of molecules of molecular weight M is given by the 
equation 


naexp. (—~M/M,) (7) 


where M,, is the number average molecular weight. The possibility of attaining 
polyisobutylene specimens of any required average molecular weight, and of 
known weight distribution, may be of value for research purposes. 

The cause of main chain fracture in polyisobutylene is still under investiga- 
tion. It is perhaps of interest to note that while the methacrylate polymers 
degrade under radiation in a like manner, the acrylate polymers become cross- 
linked. The presence of two methyl groups causing steric hindrance in poly- 
isobutylene and thereby straining the valency angles in the main chain is one 
possible reason for the instability of the polyisobutylene molecule. The rather 
anomalous x-ray patterns given by polyisobutylene would seem to substantiate 
this hypothesis. 

Butyl rubber.—Butyl rubber, consisting mainly of isobutylene units, de- 
grades rapidly under irradiation. The small amount of crosslinking between 
the diene units is insufficient to compensate for these fractures. The decrease 
in molecular weight can be followed by measuring the intrinsic viscosity of the 
irradiated material. 

I sobutylene-styrene copolymers.— Polystyrene is one of the polymers which 
crosslinks under irradiation, but is of particular interest since the radiation doses 
required are considerably greater than for other polymers. This effect has 
been ascribed to the presence of the benzene ring which is known to protect 
organic structures against the effect of radiation. It was therefore hoped that 
in copolymers of isobutylene with styrene, the latter would protect the former 
against degradation under radiation. Experiments show that this protection is 


i 


CROSSLINKING AND RADIATION EFFECTS 


very partial in character. A copolymer of 50 per cent styrene—50 per cent iso- 
butylene still degrades under radiation, but at only about 25 per cent of the 
rate of pure polyisobutylene. As the radiation dose is increased, crosslinking 
takes place, and an insoluble fraction can be separated out. At higher con- 
centrations (80 per cent styrene by weight) greater protection is offered and 
there is little reduction in molecular weight for irradiation doses of up to about 
five units. However, even under these conditions, some main chain fracture 
takes place. 
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Fie. 5.—Solubility of polybutadiene 


POLYBUTADIENE 


A number of butadiene polymers were studied to discover whether they were 
crosslinked or degraded by radiation. Unfortunately, the specimens available 
(Buna 115 and Buna 85 of German origin, and a Buna 85 of unspecified make) 
proved to be slightly crosslinked initially; this is equivalent to increasing the 
irradiation by a smal) unspecified radiation dose Ro of the order of 0.02 to 0.04 
unit. The swelling and solubility obtained, while reliable for high radiation 
doses R very much greater than Ro, cannot be used for any quantitative deduc- 
tions for R < 0.05 about. The solubility curves obtained by immersion in 
benzene over a period of weeks (Figure 5) show that crosslinking takes place 
quite readily, unit radiation leaving about 2.5 per cent of the original material 
soluble, as against 11 per cent for smoked rubber sheet. 

The swelling data shown in Figure 6 on a log-log plot confirms the conclusion 
that crosslinking occurs, and the slope of the swelling curve is —0.6 as required. 
The equation to the swelling curve 


V5? = 8.4/R 
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Fia. 6.—Swelling of irradiated polybutadiene. 


compared with Equation (3) leads to 
(0.5 — 
K 


for a value of u corresponding to butadiene in benzene at 20° C. 
available data it is not possible to give u or K separately. 


With the 


Radiation Dose (Pile Units) 


Fic. 7.— Solubility of irradiated butadiene-styrene copolymers. 
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Butadiene-styrene copolymers.—All four specimens of this copolymer proved 
to be crosslinked before irradiation. Three of these samples (Buna 8 of 
American origin, and two Hycars) were very similar in their solubility and 
swelling, while the fourth (a Buna 8S rubber of German origin) was more highly 
linked initially, to an extent equivalent to an additional radiation dose Ro of 
about 0.1 unit. Figure 7 shows the solubility/radiation curve for these speci- 
mens. The three specimens H, J, and K lie on the same curve to within experi- 
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Fia. 8.-—Solubility of butadiene-acrylonitrile copolymers. 


mental error, while the fourth (denoted by G) does likewise if the radiation 
doses are increased by Ro equal to 0.1, to allow for the higher degree of cross- 
linking initially present. 

The slope of the curve is very much smaller than for the comparable curve 
of pure polybutadiene (Figure 5); 5 units of radiation are needed to reduce the 
solubility to 6 per cent, as against 0.6 unit for pure polybutadiene, although 
the copolymer had already originally a higher degree of crosslinking. This 
difference is to be ascribed to the protective effect of the styrene, which absorbs 
much of the radiation energy, and does not allow it to produce crosslinking. A 
similar effect is observed in the swelling ratios of the irradiated materials. Initi- 
ally there is no great difference as between polybutadiene and the copolymer. 
After several units of radiation the butadiene polymers are so closely crosslinked 
that the swelling ratio is only 2, whereas for the copolymers subjected to the 
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same radiation dose the swelling ratio is much greater, by a factor of 3 to 5, 
showing that the presence of styrene units in the chain has reduced the effect 
of radiation in promoting crosslinking by a factor of about 6 to 15. 

Butadiene-acrylonitrile copolymers.— The effect of high-energy radiation on 
acrylonitrile polymer has not been studied in detail, but the polymer is believed 
to be relatively insensitive to radiation, in a somewhat similar manner to poly- 
styrene. This is demonstrated by the much smaller changes produced by ir- 
radiation in butadiene-acrylonitrile copolymers, as compared with pure poly- 
butadiene. The solubility of German Perbunan and American Hycar OR is 
but little affected, four units of radiation decreasing the soluble fraction from 
about 18 per cent to 7 per cent and 3 per cent respectively (Figure 8). In pure 
polybutadiene this same change is achieved by 0.4 and 0.9 unit of radiation. 
The same conclusion is reached from swelling measurements on these two ma- 
terials, where four units of radiation decrease the swelling by a factor of less 
than two, as against a factor of about ten for polybutadiene. 

The effect of radiation on two other copolymers of butadiene and acryloni- 
trile is significantly greater, Thiokol R.D. and a material of American origin 
(Paracril type) having their solubility and swelling markedly affected by radi- 
ation doses of only one unit of radiation. This may be due to a lower percent- 
age of acrylonitrile units, or to the presence of other units (as in Thiokol R.D.). 


THIOPLASTS 


The Thiokol rubbers have a main chain structure incorporating sulfur 
atoms. Thiokol F for example is believed to consist of a (CH,—CH,—S—S),, 
chain, and contains about 55 per cent of sulfur. Thiokol A has a larger per- 
centage of sulfur, bound to the sulfur atoms in the main chain. 


CH,—CH,—8—8 


These Thiokols are very insoluble in the usual organic solvents and it is 
therefore difficult to measure the effect of radiation on them. The specimens 
available were only 8 per cent and 2 per cent soluble in benzene (Thiokol F and 
A respectively) and the corresponding weight swelling ratios at 20° C were 
about 2.6 and 1.1. These values were altered by an insignificant amount after 
radiation doses of up to 0.5 unit, and it has not been possible to determine 
whether they are in fact resistant to radiation, or are so highly crosslinked that 
the additional degree of crosslinking induced by radiation was too small to be 
measured. 

A third Thiokol rubber (Thiokol N) in which the ethylene chain is replaced 
by propylene was found to be readily crosslinked by radiation. The initial 
material was only slightly crosslinked, and 76 per cent remained soluble prior to 
irradiation. After 0.2 unit of radiation this sol fraction dropped to 17.5 per 
cent, and after 2 units it was only 5.4 per cent soluble. At the same time the 
swelling ratio of 23 (0 units) decreased to about & (0.2 unit) and 3.2 (2 units). 
The observed relation between volume swelling ratio and radiation dose can be 
written 

V°? ~ 30/R 


and, by comparison with Equation (3), leads to a value for (0.5 — w)/K of 
about 21, This is close to the value obtained for rubber, but as the value of yu 


CROSSLINKING AND RADIATION EFFECTS 3Y 


is unknown, the efficiency of crosslinking Thiokol N by high energy radiation 
cannot be deduced. It would however appear to be of the same order as poly- 
ethylene (about 1 per cent per unit radiation), rubber, and Neoprene, rather 
than the much lower value of polystyrene. 

This difference in behavior of Thiokol N as compared with Thiokols A and 
F may be due in part to the longer hydrocarbon chain present in the former, 
and possibly the high degree of crosslinking initially present in Thiokols A and 
F. This difference is related to the greater solubility of unirradiated Thiokol N 
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Fig, 9.-—Gel fraction of irradiated Neoprene. 


POLYCHLOROPRENE 


Polychloroprene (Neoprene) is one of the synthetic polymers which are 
readily crosslinked by high-energy radiation. For one of the polymers studied 
& minimum radiation dose of 0.015 unit is necessary for incipient gel formation 
(Figure 9). Further radiation produces a rapid increase in gel content, a 
radiation dose of 0.03 unit (corresponding to a crosslinking coefficient 6 equal 
to 2) renders 50 per cent of the initial material insoluble. 

The volume swelling ratio of Neoprene in benzene at 20° C is shown in 
Figure 10. Apart from the initial sharp rise which corresponds to the formation 
of an appreciable amount of gel capable of swelling, the curve obtained on a 
log-log plot can be represented by the equation 


= 12.3/R 


os 
oe 
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A comparison with Equation (3) leads to a value for (0.5 — w)/K of 12.2. The 
swelling ratio after six months is not significantly greater than that after a few 
days, 80 that the crosslinking produced by radiation is stable over this period, 
even in an extended lattice. 


DISCUSSION 


The behavior under irradiation of many synthetic polymers can be ex- 
pressed in terms of the properties of the constituent units; isoprene, chloro- 
prene, and butadiene units will crosslink under irradiation, whereas isobutylene 
will degrade very rapidly. This fundamental! distinction is not related to the 
presence of unsaturation. Polyethylene crosslinks very readily, and poly- 


Swelling Ratio 


+ 
Radiation Dose (Pile Units) 


Fie, 10,.--Swelling of irradiated Neoprene in benzene at 20° C. 


methyl methacrylate degrades, whereas polymethy! acrylate does not. For 
many of these polymers the energy absorbed per crosslink or main chain frac- 
ture is very approximately 20 electron volts. 

Other monomer units confer some degree of resistance to radiation in co- 
polymers. Styrene and acrylonitrile units behave in this manner. 

The evidence obtained from irradiated Thiokol N indicates that where the 
crosslinking initially present is not too extensive, irradiation can promote fur- 
ther linking between main chains containing sulfur. 

The degree of crosslinking is found to be proportional to radiation dose. 
This method of vulcanizing a rubber enables us to study quantitatively the 
effect of various degrees of crosslinking on the physical properties of rubbers. 
Among the applications to which this method can be adapted there may be 
mentioned the study of the role played by carbon black in modifying the prop- 
erties of a rubber, and the formation of copolymers from monomers which cannot 
be linked together by the more usual chemical techniques. A further possibil- 
ity is the production of a vulcanized rubber incorporating a certain degree of 
orientation as a permanent feature—this being achieved by irradiating the 
rubber in a stretched condition. It is felt that research along these lines may 
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show useful applications of this new technique, and serve to introduce it as a 
valuable tool to rubber scientists. Once its use has become more familiar, an 
appraisal of its industrial value should become possible. 


SUMMARY 


When subjected to atomic energy radiation certain polymers crosslink, a 
process which is equivalent to vulcanization, but occurs without the admixture 
of extraneous chemical agents. Other polymers degrade by main chain frac- 
ture, a process which occurs at random throughout the molecule, and is different 
from thermal or ultraviolet degradation. 

Methods available for detecting crosslinking in irradiated polymers, include 
those based on solubility and swelling which have been used to study the effect 
of high energy radiation on a number of natural and synthetic rubbers. The 
polymers investigated include natural rubber, polychloroprene, polyisobutylene, 
polybutadiene, and thioplasts, as well as some copolymers. The results show 
the degree of crosslinking to be proportional to radiation dose, and to be 
reduced by the presence of styrene or acrylonitrile units in copolymers. 

Possible applications of this physical technique of linking molecules are 
discussed briefly. 
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THE STRESS RELAXATION OF SULFUR VULCANIZATES 
OF NATURAL RUBBER * 


J. P. Berry 


fue Berrien Rosser Propvcess’ Research AssOcIATION, 
ELWYNN Garpen Crry, 


Although the stress relaxation method of studying network breakdown has 
heen extensively applied to the sulfur vuleanizates of natural rubber, little 
progress has been made in the elucidation of the fundamental processes respon- 
sible for the degradation. In agreement with the known facts of aging, it has 
been established that oxygen is also responsible for high-temperature stress re- 
laxation, but the apparatus normally used does not allow the dependence of the 
reaction on oxygen pressure to be determined with any degree of accuracy. 
experiments carried out on different vulcanizates in air at atmospheric pressure 
gave similar relaxation curves, characterized by an initial nonexponential and a 
final slower exponential decay’ *. Attempts have been made to relate the 
variations in the shapes and slopes of these curves with the aging properties of 
the materials, but no simple correlation?*.* has been found. The present study 
of the dependence of stress relaxation on oxygen pressure reveals some of the 
important factors in oxidative degradation of sulfur vuleanizates, and enables a 
more satisfactory interpretation to be given of the stress relaxation results 
obtained under the more usual restricted experimental conditions previously 
reported 

EXPERIMENTAL MATERIALS AND METHODS 


The sulfur vuleanizates used in this work were compounded to the recipes 
given in Table I. The vuleanizing ingredients were mixed into the rubber on 
an open 12 inch mill, All experiments on any particular recipe were carried 
out on samples prepared from the same batch. Portions of these masterbatches 
as required were vulcanized at 140° C in molds 0.1 mm. deep under a pressure 
of about 10 tons per square inch to optimum ere. The thickness of the sheets 
so prepared varied by less than 0.01 mm. over the total area of 75 sq.em. and 
over a single strip (10 & 0.5 em.) the constancy was probably better than 5 per 
cent, The strips were extracted for 16 hours with acetone in the dark in a 
stream of nitrogen before use. 


RESULTS 


The relaxometer! used was essentially the same as that previously described. 
Results of experiments on samples taken from the same sheet of vulcanizate 
were usually reproducible to within about 20 per cent, but with samples from 
different sheets reproducibility was usually not better than about a factor of 
two. 


(1) Influence of sample thickness on stress relaxation.—Investigations have 
been carried out previously to assess the safe limits of sample thickness for uni- 


_, * Reprinted from the Journal of Polymer Science, Vol. 21, Issue No. 99, September 1956, pages 507-517 
The work reported formed part of a thesis for the Ph.D. decree accepted by the University of London 
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Tasie | 


Compound No. 2 
Smoked sheet 100 
Zine oxide 5 
Stearic acid ] 
Sulfur f 3.0 
Santocure 

M. B. T. 1.0 
T. M. 

D. P. G. - 

Minutes cure at 140° © 20 10 


Santocure = cyclohexylbenzothiazy! sulfinimide, M. B. T. mercaptobenzothiazole, T. M. I 
methylthiuram disulfide, Z. D. C, = zine dimethyldithiocarbamate, D. P. G diphenylguanidine 


Temperature 100°C 
Extension «100% 
On ygen pressure as 
ind ,caled on indivi dual 
curves 


a 'OOmm Ng 
poOmm Hq mm Hg 


Zoo 


Time (Minutes) 


Fic. 1 Dependence of shape of stress relaxation curves of sulfur 
vuleanized rubber (Compound 1) on oxygen pressure 
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form reaction at different temperatures*. In the present work the results of 
stress relaxation measurements were unaffected by increasing the sample thick- 
ness from 0.1 to 0.5 mm., but for purely mechanical reasons a sample thickness 
of 0.1 mm. was adopted as standard for all investigations on these compounds. 


o 3} 


ompovund No 2 


ompound No | 


Time(Hours) 


Via. 2.--Stress relaxation at 100 per cent extension of sulfur vuleanizates 
(Compounds | and 2) in vacuo at 120° C. 


(2) Influence of extension on stress relaration.—In agreement with the ob- 
servations’ of Tobolsky et al. the shape and slope of the relaxation curves 
showed no dependence on extension of the sample over the range 10-250 per 


cent 

(3) Influence of orygen pressure on relaration behavior —The relaxation 
curves obtained at 100° C and at oxygen pressures from 500 to 10~* mm. Hg for 
Compound No. | are illustrated in Figure 1. The origins of some of the curves 
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have been displaced along the log force or time axes to separate the curves in 
the early stages of the experiment. 

All the types of vulcanizate studied exhibited the same general relaxation 
characteristics: (a) The relaxation curves consist of two distinct parts, an ini- 
tial nonexponential portion, i.e., nonlinear in the usual log force vs. time plot, 


‘| 


| 


3-0 


2¢ 2-7 
4 «10° 


Fic. 3.--Activation energy of stress relaxation (4;) of a sulfur vuleanizate (Compound 1) 
from 80°-120° C and at oxygen pressures from 80-500 mm. Hg 


and a subsequent exponential linear portion. (b) The details of the shape of 
the curves depend primarily on the oxygen pressure. At high oxygen pressures 
the slope of the curve increases from its initial value to a final limiting value so 
that the graph is convex to the log force axis. At low pressures the slope de- 
creases from its initial value to the final value, and the graph is concave to the 
log force axis. At some intermediate pressure a point of inversion occurs at 
which the log force vs. time graph is linear, and hence the decay is exponential 
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from zero experimental time. (c) The initial slopes of the graphs are approxi- 
mately independent of oxygen pressure as far as can be estimated in view of the 
uncertainty of the true time zero of the relaxation. (d) The final constant 
slope of the graphs increases with oxygen pressure. 


= 


Temperature 
Oxygen pressure lOO mm Hg 
Extension=!00%, 


Time (Minutes) 


Fig. 4.-Dependence of shape of stress relaxation curves of a sulfur vulcanizate (Compound 4) on pre 
treatment: A, sample relaxed without prior treatment; B, sample heated in 500 mm. O+ in strained state 
for 30 minutes before relaxation; C, sample heated in vacuo in strained state for 6 hours before relaxation 
D, sample heated in vacuo in unstrained state for 6 hours before relaxation 


(4) Relaxation in vacuo.—At a pressure of 10~* mm. Hg, relaxation occurred 
with an initial rate approximately equal to that in oxygen. From the extents 
of relaxation in vacuo normally investigated at 100° C, it was impossible in 
most cases to determine if the rate decreased asymptotically to zero, or to some 
finite value. More extended studies at 120° C on the first two of these com- 
pounds indicated that the latter was the case (Figure 2). 


STRESS RELAXATION OF SULFUR VULCANIZATES 47 


(5) Influence of temperature on relaxation rate—The characteristic variation 
in the shapes of the relaxation curves with oxygen pressure for the first com- 
pound persisted at temperatures from 80°-120° C and the pressure (200 mm. 
Hg) at which the decay became exponential was independent of this tempera- 
ture variation. The logarithms of the final slopes of the curves are plotted 


CompoundNo.| 
Tem perature 
Extensionsi00% 


Compound No 5 
Temperatures 100°C 
Extension #100% 


! 


200 
Time (Minutes) 


Fie. 5. apentente of shape of stress relaxation curves of sulfur vuleanizates (Compounds 1 and 5) 


in vacuo on preheating in oxygen: A, sample relaxed in vacuo without prior treatment, B, sample relaxed 
in vacuo after heating in 500 mm. O21 in strained state for 20 minutes 


against the reciprocals of the corresponding absolute temperatures in Figure 3 
The points which show the best linearity are those for relaxations carried out at 
an oxygen pressure of 200 mm. Hg, i.e., under conditions when the stress decay 
is most nearly exponential. Taking this line as a datum, the other solid lines 
in Figure 3 are drawn on the assumption that the rate of relaxation is directly 
proportional to the first power of oxygen pressure. The agreement between 
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these lines and the experimental points is quite good for results obtained at 
oxygen pressures below 200 mm. Hg, but the best straight line through the 
points corresponding to the results at 500 mm. Hg falls a little below, but still 
parallel to, the line inserted. Unfortunately all the experiments could not be 
carried out on the same sheet of material, and much of the experimental scatter 
is probably due to the variation in behavior of different sheets. The slope of 
the lines in Figure 3 corresponds to an activation energy of 22 keal. per mole. 

(@) Influence of pretreatment on relaxation characteristics.—In order to 
check the hypothesis to be put forward to account for the variation in the 
shape of the relaxation curves with oxygen pressure it was necessary to study 
the influence of various types of pretreatment on stress relaxation. (a) Heating 
in the strained state in vacuo before relaration.—The relaxation of the sample in 
vacuo (10° mm. Hg) was observed for approximately 6 hours at 100° C. 
Oxygen at a pressure of 100 mm. Hg (200 mm. Hg in the case of Compound No. 
1) was then admitted, and the stress relaxation studied under these conditions 
(Figure 4, Curve C). Heating in the unstrained state. A sample of rubber from 
the same sheet was sealed in a tube at 10-* mm. Hg and immersed in the bath 
in which the vacuum relaxation was taking place. It was removed at the end 
of the period of vacuum relaxation, and subsequently relaxed at the same 
oxygen pressure (100 or 200 mm. Hg) and temperature (Figure 4, Curve D). 
(b) Heating in oxygen before relaxation.—A sample of vulcanizate was relaxed 
at 100° C in 500 mm. Hg of oxygen for a short initial period (20-30 minutes). 
The oxygen pressure was then reduced to 100 mm. Hg (or 200 mm. Hg) and 
the study of the relaxation continued (Figure 4, Curve 8). 

To determine the influence of this treatment on the subsequent relaxation 
in vacuo, the experiment was repeated, but the reaction vessel was evacuated 
to 10-* mm. Hg after the initial high oxygen pressure relaxation (Figure 5). 

All the compounds studied gave relaxation curves of similar form to those 
illustrated in Figures 4 and 5 under the appropriate experimental conditions. 


DISCUSSION 
REVIEW OF EARLIER INTERPRETATIONS OF STRESS RELAXATION 


In most earlier investigations the results of experiments carried out in air at 
atmospheric pressure were similar in general to those obtained at low oxygen 
pressures in the present work, i.e., the relaxation curves were concave to the 
log force axis. It has been suggested that the junction points in the network 
are of two types, formed by crosslinking of the original rubber molecules by 
secondary (physical) and primary (chemical) forces. The initial nonexponen- 
tial part of the stress decay curve has generally been assumed to be due to the 
relaxation of the secondary network forces®*, and since this process is reversible 
no net change in the network was considered to arise by this means. The 
irreversible decay of the primary network forces by scission of chemical bonds 
was then considered to result in the exponential stress decay observed in the 
later stages of the experiment. Since it is this effect which is of fundamental 
importance, the initial part of the decay curve has usually been ignored, though 
no real attempt seems to have been made to verify the validity of the interpre- 
tation given. It has been shown that the curves may be represented by the 
sum of two exponential terms'*, which have been identified with the relaxation 
of secondary forces and primary bonds, respectively‘. Incorporation of 
antioxidants into the sample has little effect on the exponent (rate constant) 
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of the first term but reduces that of the second considerably. This fact has 
been put forward in support of the hypothesis‘, though it admits of an equally 
satisfactory explanation in terms of the present theory of the reaction. 

As an alternative interpretation of the shape of the stress relaxation curves 
the reaction of two types of crosslink has been suggested. This mechanism 
also gives rise to a theoretical expression involving the sum of two exponential 
terms, identified in this case with the first order decay of the two crosslink types. 

It is clear that neither the secondary and primary force relaxation theory 
nor that of multiple crosslink types is capable of predicting the results obtained 
at high oxygen pressures and the influence of preheating in oxygen and in 
vacuo on stress relaxation behavior. 


A SCHEMATIC REACTION MECHANISM 


Evidence has already been advanced that breakdown of natural rubber net- 
works is due to scission at, or in the vicinity of, the crosslinks, and the depend- 
ence on oxygen pressure indicates that a complex reaction is responsible for the 
degradation. A two-stage reaction appears to be involved, the first and more 
rapid stage being oxygen independent, and the second, slower stage, oxygen 
dependent. One of the simplest mechanisms which can account for the ob- 
served results may be represented by the equations: 


X + oxygen P (ky) 


In the first step of the postulated reaction, attack by oxygen on the crosslink 
(X) results in the formation of a product (?), which decomposes in the second 
step with concomitant rupture of network bonds. The first reaction is con- 
sidered to be of first order with respect to the crosslink concentration X at any 
particular value of oxygen pressure, and the pseudo rate constant k, will there- 
fore be some function of oxygen pressure, the form of which is determined by 
the details of the oxidation reaction. The oxygen pressure is assumed to remain 
constant throughout the relaxation. It is also assumed that the first reaction 
has proceeded to some extent by zero experimental time, so that a finite con- 
centration of the oxidation product P is initially present. Subject to these 
conditions, the following general equation may be derived (A, and A represent 
the total number of physically effective crosslinks initially and at time ¢, 
respectively) : 

, 

A [ x + J { (koto — + ke(1 — (1) 

where ro = [P ]o/([X]o + [P Jo). For this equation to represent the observed 
relaxation behavior, the values of the rate constants k, and k, are subject to 
certain restrictions. The forms of the curves obtained indicate that at all the 
oxygen pressures studied, i.e., up to 500 mm. Hg, &;, is less than kz, 80 that in 
each case the final slope of the graph is given by k,, which, it is assumed, in- 
creases with increasing oxygen pressure. Since zo is less than unity, the ex- 
pression (k2z> — k,) may pass from a negative value through zero to a positive 
The curves corresponding to Equation 


value as the pressure is decreased. 
(1) under these conditions are illustrated in Figure 6, Curves A, B, and C. In 
vacuo k, = 0 and the theoretical equation then reduces to: 


= 1 —2z,(1 — (2) 


bid 
= 


RUBBER CHEMISTRY AND TECHNOLOGY 


A/A, decreases asymptotically to a constant value (1 — zo) (Figure 6, Curve 
D) 

If proportionality is assumed between the force in the strained network and 
the number of effective chains of the initial network remaining’, the curves of 
Figure 6 then represent the influence of oxygen pressure on stress relaxation 


° 


' 


o25 


Fig. 6.--Dependence of shape of caleuated stress relaxation (crosslink decrease) curves on oxygen 

pressure assuming @ two-stage oxidation scission reaction of the crosslinks with an initial mole fraction of 
oxidized crosslinks of 0.25 
curves plotted in the conventional manner. The slope of the theoretical stress 
relaxation curve is directly proportional to the instantaneous mole fraction of 
the oxidized crosslinks, i.e. : 


(din (A/Ag) ]/dt = — (3) 


where x = [P]/[X]+[P]. Thus the initial slopes of the curves (when 
«= Zo) are independent of the oxygen pressure, i.e., of k,, and the initial 
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curvature of any graph vanishes when z = k,/k,. Consequently if 2» has this 
value for a particular value of &, in the range studied, the relaxation curve will 
be linear from zero time, and this pressure marks the inversion in the shapes of 
the curves. 


2 
+ k, 


50 


k,t 


Fig. 7.—Dependence of shape of caleulated stress relaxation curves on initial extent of oxidation assuming 
a two-stage oxidation scission reaction of the crosslinks 


Heating in oxygen and in vacuo prior to relaxation will produce an increase 
and a reduction, respectively, in the value of zo, the initial mole fraction of the 
oxidized crosslinks. Consequently both the initial slope and the shape of the 
stress relaxation curves will be altered in a predictable manner. An increase in 
zo will increase the initial slope, by equation (3), without affecting the final 
slope (k,), and the curve will become more concave to the log A/Ao axis 
Conversely a reduction in zo reduces the initial slope and increases the convexity 
of the curve (Figure 7, Curves B and (), 
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COMPARISON OF EXPERIMENT AND THEORY 


The relaxation curves obtained in experiments on sulfur vulcanizates, typi- 
fied by those of Figure 1, closely resemble the theoretical curves of Figure 6, 
and their general characteristics are in accord with the requirements of the 
theoretical Equation (1). The bond which is broken may be either one by 
which the chains are joined at the crosslink, or one in the polymer chain in the 
region of the crosslink. Since these two possibilities are indistinguishable so 
far as stress relaxation is concerned, the relevant units will henceforth be re- 
ferred to as crosslinks for the sake of brevity. 

The effect of heating in oxygen and in vacuo before relaxation (Figure 4, 
Curves B and () is again in general agreement with theoretical prediction 
(Figure 7, Curves B and C). For experimental convenience this pretreatment 
has normally been carried out at the state of strain at which the relaxation is 
subsequently studied. The form of the theoretical relaxation curve in vacuo 
depends on the value of zo, both with regard to the initia! slope and the final 
value of the force attained. The effect observed on heating the sample in 
oxygen before relaxation in vacuo also agrees with the theory (Figure 5) 

It is clear that a mechanism of the type described may be responsible for 
stress relaxation in the sulfur vulcanizates studied. There are, however, devi- 
ations from the above simple reaction scheme, but the experimental data are 
not yet sufficiently extensive to warrant a more refined treatment. 

(a) The experimental curves of Figure 1 cannot be represented exactly 
by Equation (1). This may be due in part to experimental irreproducibility, 
but it is more probable that the mechanism involved in stress relaxation is not 
so simple as that deseribed, as might be anticipated from the chemical com- 
plexity of the experimental material. 

(b) The theory does not predict any dependence of subsequent relaxation 
behavior on the state of strain at which the pretreatment is carried out. Curve 
D of Figure 4 indicates that preheating in vacuo in the unstrained state pro- 
duces much less effect than preheating in the strained state. This phenomenon 
may be explained by postulating the reversibility of the second step in the pro- 
posed reaction mechanism : 


scission products ~ P 


In the strained state the scission reaction produces crosslink fragments which 
move from their original strained positions to unstrained positions under the 
influence of the network forces, so that the tension exerted by the network de- 
creases. If recombination of these fragments occurs while they are in this 
unstrained state, it may be assumed that they make no contribution to the 
force in the network and can be neglected when assessing the concentration of 
P units. Thus in the subsequent relaxation process, after this treatment, the 
value of zo is determined only by the number of original oxidized crosslinks 
which remain 

After preheating in vacuo in the unstrained state, when the sample is sub- 
sequently strained for the relaxation experiment all the oxidized crosslinks are 
equivalent, irrespective of whether they have remained unbroken during this 
treatment, or have broken and recombined. Under these conditions the value 
of zo is much higher since it represents the net effect of rupture and recombina- 
tion; and the greater the efficiency of the second process, the smaller is the 
change in the value of zo. This hypothesis* follows that put forward by 
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Tobolsky et al. to account for the phenomenon of permanent set in compounds 
of this type. 

(c) The theory predicts that in vacuo the force exerted by the network falls 
asymptotically to some value determined by zo. Though the rate of relaxation 
falls off rapidly in vacuo, it has not been found to come to zero, even in experi- 
ments over considerable periods of time (Figure 2). It appears that there is a 
finite final rate of relaxation in vacuo, and that under these conditions the force 
in the network would eventually decrease to zero. It is possible that, at the 
temperatures at which the experiments have been performed (120° C), thermal 
dissociation of network bonds (probably at the crosslink) may oceur and lead 
to the observed effect. 

SYNOPSIS 

An experimental study is reported of the stress relaxation behavior of sulfur 
vuleanizates of natural rubber maintained at constant extension. Of particu- 
lar interest is the effect of oxygen pressure on the shape of the force-time curves, 
and the relaxation proceeding in absence of oxygen. The results are interpreted 
according to a two-stage process: (1) oxidation at the crosslinks and (2) scission 
of oxidized crosslinks. 


ACKNOWLEDGMENTS 


The work described in this paper forms part of a program of research under- 
taken by the Board of the British Rubber Producers’ Research Association. I 
gratefully acknowledge the cooperation of Mr. R. I. Wood and Mr. N. Williams 
of the Technology Department in the preparation of the vulcanized rubber 


samples. 
REFERENCES 


1 Berry and Watson, J. Polymer Sci. 18, 201 (1955). 

Berry, R.A.B.R.M. Research Bulletin R.394. 

4 Baxter, Potts and Vodden, Ind, Eng. Chem. 47, 1481 (1955). 

‘Le Foll, Rev. gén. caoutchouc 30, 559 (1953). 

* Pedersen, Aging Properties of Low Sulphur Rubber Vulcanisates, Northern Cable and Wireworks Ltd., 
Copenhagen, 1954. 

* Kemp, Ingmanson and Mueller, Ind. Eng. Chem. 31, 1472 (1939); Blum, Shelton and Winn, Ind. Eng. 

them, 43, 464 (1951). 
7 Tobolsky, Prettyman and Dillon, J. Appl. Phys. 15, 380 (1944). 
* Tobolsky, Andrews and Hanson, J. Appl. ’nys. 17, 352 (1946) 


iv 
: 


EFFECT OF INITIAL MOLECULAR WEIGHT OF A 
RUBBER ON THE STRENGTH AND FATIGUE 
OF ITS VULCANIZATES * 


G. M. Barrenevy, A. 8. Novikov, AnD F. A. Gauit-OGLy 
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Recent studies of the strength and fatigue of vulcanizates generally have 
been devoted to clarification of the effect of structure. Some papers' describe 
the effects of the type of linkages on fatigue as well as the dependence of strength 
and dynamic endurance on initial molecular weight’. In understanding the 
mechanism of dynamic fatigue of vuleanizates which have undergone numerous 
deformations, the analogy between the dynamic and static fatigue of a vulcani- 
zate established by Barteney and Galil-Ogly’ plays an essential role. This 
analogy refers to the similar statistical character and similar experimental regu- 
larities of the static and dynamic fatigue of vulcanizates. Thus, besides the 
well known effect of oxidation processes activated by mechanical deformation 
on dynamic fatigue‘, it was possible to establish the relation of this phenomenon 
to purely physical factors and to the structure of the vuleanizates®. In con- 
nection with this, it is interesting to investigate the effect of the initial molecu- 


I 
CHARACTERISTICS OF VULCANIZATES FROM RUBBER FRACTIONS 


Parts per 100 
parte of vul- 
eanizate by 
weight 
Initial Mercapto- Time of Equilibrium 
molecular benzothia- vuleanization modulus FE 
Fractions weight Sulfur zole (min.) (kg./em.*) 


, 170,000 35 
700,000 ‘ 40 
500,000 ‘ 45 
140,000 : 60 
100,000 : 80 
6 56,000 j : 100 


lar weight of the rubber on the dynamic fatigue and strength of its vuleanizates. 
Previous investigations in this direction? had essential deficiencies. In the 
process of preparing mixtures, the initial molecular weight of the rubber is 
altered and, furthermore, the effect of the molecular weight on the structure of 
the vulcanizate was not taken into account. In the present work the dynamic 
durability (durability under repeated deformation) and tensile strength of 
vuleanizates made from fractions of butadiene-styrene rubber SKS-30A was 
studied without altering the initial molecular weight of the fractions. 

The rubber was separated into six fractions by lowering the temperature of 
solutions in the presence of a small amount of precipitant. Molecular weights 


* Translated for Curmistay anv by George Shkapenko and John C. Park from 
the Kolloidnyi Zhurnal, Vol. 18, No. 1, pages 7 to 12 (1956) 


54 


13.3 
13.0 
12.8 
13.0 
13.5 
13.0 


MOLECULAR WEIGHT AND THE STRENGTH OF VULCANIZATES 


were calculated from viscometric data and the formula: 
(n] = 2.96 x 10-*M°”! 


previously established by Novikov and Khatkina® for this rubber. The 
molecular weights of fractions are given in Table I. 

In order to preserve the initial molecular weights of fractions of the rubber, 
films for vulcanization were prepared by evaporation of benzene solutions until 
the solvent was completely removed. In the first series of experiments, the 
recipe for compounding of all fractions was the same. 


Parts by 
weight 


Rubber 100 
Sulfur 3 
Mercaptobenzothiazole 

Zine oxide 

Stearic acid 

Pheny]-2-naphthylamine 


The films were vulcanized in a hydraulic press at 143° C. 

In a preceding paper® it was shown that the kinetics of sulfur addition does 
not depend on the molecular weight of a fraction but that the initial formation of 
the three-dimensional space network during the vulcanization process is deter- 
mined by the original molecular weight of the rubber and the proportion of 
combined sulfur. This amount is the larger, the smaller is the molecular weight 
of the fraction. 

There is a “critical” value of the original molecular weight of the rubber, 
which is equal to approximately 1,000,000, at which the formation of a three- 
dimensional network of the vuleanizate begins at once in the process of sulfur 


wo" 


4 


0 
Fig. 1.—-Dependence of number of chains (ordinate) in 1 cc. of a space net of the rubber on the propor- 


tion of combined sulfur for various fractions. Numbers of curves correspond to the numbers of the fractions 
(see Table I). 


combination. For a rubber with a molecular weight below this critical value, 
the initially combined quantity of the vulcanizing agent, So, is used for linking 
and growing molecular chains into long chains, with the formation of branched 
or partially crosslinked structures. If molecular conglomerates reach a molecu- 
lar weight comparable to the critical value, their combination into a three- 
dimensional space network takes place. 

From this moment on, the rate of the vulcanizate network formation, which 
depends on the speed of formation of crosslinks in the space net of the vuleani- 
zate, is independent of the value of the initial molecular weight of the rubber. 
This is confirmed by the equal slopes of the straight lines in Figure | in which 
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on the ordinate axis the number of chains in | cc. of the space net of the vul- 
canizate of a given fraction is plotted and on the abscissa, the quantity of com- 
bined sulfur’. The number of chains in the vulcanizate was calculated® by the 
formula, N = CE,', where N is the number of chains of the space net in | cc. of 
the vulcanizate (which is equal to double the number of crosslinks); EZ is the 
equilibrium modulus in kg./em.?; C, the constant for a given type of rubber 
which is equal to 1.3 x 10'* according to measurements of Vishnitskaya’. 
Thus, the vuleanizates which one obtains in industry from low and high molecu- 
lar rubbers using identical recipes differ in their percentages of combined sulfur 
as well as with respect to the distribution of sulfur and the character of struc- 
tural formations which take part in the space net. 

In investigating the effects of initial molecular weight of the rubber on the 
dynamic durability and tensile strength of its vuleanizates, we prepared vul- 
canizates from the various fractions. The same accelerator—vulcanizing 
system, the composition of which has already been indicated, was used, as well 
as specially chosen concentrations of sulfur and accelerator for each fraction in 


7 
a J 30 
Fic. 2.-Effect of molecular weight (abscissa) on actual strength of vuleanizates. Results were obtained 


with the aid of a stress strain tester. Rubber fractions for / had an equilibrium modulus of 13.0 kg./em.*; 
for 2, the amount of combined sulfur was 2.05 per cent. 


order to obtain vulcanizates having equal concentrations of the sulfur crosslinks 
and thus, equal equilibrium moduli. To obtain vulcanizates from low molecu- 
lar rubbers having equilibrium moduli equal to those of the high molecular 
rubbers, it is necessary to add large proportions of sulfur and increase of the 
time of vulcanization. This is obvious from the data in Table I. 

In Figure 2, the effect of the molecular weight of a rubber on the strength of 
its vulcanizates containing no fillers is shown’. One set of vulcanizates con- 
tained similar percentages of combined sulfur (actually equal to 2.05 per cent 
for all fractions) while the other set had similar equilibrium moduli, but con- 
tained different percentages of combined sulfur (the lower the molecular weight, 
the larger the percentage of sulfur'®). 

The durability is a function of the initial molecular weight of vulcanizates 
containing the same percentage of combined sulfur up to molecular weights of 
500,000, but further increase of molecular weight does not affect remarkably 
the durability. Similar changes of the durability as a function of the initial 
molecular weight of rubber SKS-30A were observed with carbon black-loaded 
vulcanizates*. In a study of vulcanizates made from various fractions of 
rubber having the same equilibrium moduli it was found that the effect of 
molecular weight on durability was slight. 
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Dynamic durability of the vulcanizates is characterized by the time re- 
quired for failure while undergoing repeated elongation. The frequency of the 
periodic stretchings in our experiments was 256 cycles per minute". Tempera- 
ture of the samples was maintained at 30° C. In this investigation two of the 
most widely known testing conditions were used: (/) condition of given maxi- 
mum deformation, € = constant, and (2) condition of given maximum loading 
or nominal strain where f = constant. 

The first condition was realized by fixing the amplitude of the clamp of the 
apparatus and letting the residual deformation accumulate in the sample. 

The second condition was realized by using a device which made it possible 
to take up the residual deformation after each cycle of stretching, so that during 
the process of investigation the constancy of the loading intervals was main- 
tained from 0 to f, where f is the conditional tension, which is equal to the maxi- 
mum loading based on the unit of the initial cross-section of the sample. 

In our experiments using the first condition, the maximum deformation of 
the sample was 100 per cent; in the second condition the maximum loading cor- 
responded to 7.6 kg./em.?.. The latter was adjusted so that for the vuleani- 
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Fia. 3.—Effect of molecular weight on dynamic durability of the vuleanizates for fractions having equal 

combined sulfur (2.05 per cent), and having equilibrium moduli of 17.2, 16.2, 15.2, 8.0 and 3.6 kg./em.*: 


(1) testing condition « = constant; (2) testing condition f = constant. The ordinate is the log time re- 
quired for failure. 


zates of high molecular fractions of the rubber the initial deformation was 100 
per cent in the first stretching. In Figure 3 the effect of initial molecular weight 
of the rubber on the dynamic durability of the vuleanizates with the same per- 
centages of combined sulfur (2.05 per cent) is shown. 

With the first condition of testing, the dynamic durability decreases with 
increase of molecular weight, whereas with the second condition of testing it 
increases, 

The high dynamic durability of the vuleanizates of low molecular weight 
under the first testing condition can be explained by the fact that the vuleani- 
zates made from low molecular fractions have low equilibrium moduli and less 
dense space nets. That is, they have larger numbers of free-chain ends which 
are not included in the net in comparison with the high molecular fractions. 
This results in the development of high permanent set during the testing process, 
and this in turn decreases the tension and makes the testing conditions less 
rigorous. Under the second testing condition the development of high perma- 
nent set leads to more stringent testing conditions. The removal of the residual 
deformations leads to maximum deformation of the sample. At constant final 
loading this increases the true tension in the sample during the test. 

At and above the molecular weight of 500,000, the dynamic durability of the 
vuleanizates under both testing conditions is the same, since in the fatigue 
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process of these high-modulus vulcanizates (E, = 15-17 kg./cem.’) residual 
deformations develop. 

For the carbon-black vulcanizates, analogous relationships between the 
dynamic durability and initial molecular weight of the rubber were obtained. 
Hence it can be assumed that the durability and dynamic tenacity of the vul- 
canizates made of various fractions of the rubber with equal percentages of 
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Fic, 4.--True durability (/) by stress strain testing and dynamic tenacity (2) under the condition that 
/ = constant for vuleanizates of various fractions of rubber with the same percentage of combined sulfur, 
but with different numbers of chains, N, per cc. of the space net. 


combined sulfur is determined mainly by the effect of the molecular weight of 
the rubber on the structure of the vulcanizate obtained. This point of view is 
demonstrated in Figure 4, where the dynamic tenacity and durability are given 
as functions of the number of the chains per unit volume for the vulcanizates 
under consideration. 

Figure 5 gives data on the effect of the molecular weight on the dynamic 
tenacity of the vulcanizates made of various rubber fractions with the same 
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Fira. 5. Effect of molecular weight on dynamic durability of vuleanizates from Fractions 1 to 5 with 
equal concentrations of crosslinks: (/) testing condition where « = constant; (2) f = constant; (3) relative 
fracture length A ~ L/Le under dynamic testing. 


equilibrium modulus (13 kg./cm.*) using two conditions of testing. With 
increase of the initial molecular weight of a rubber, the dynamic durability of 
its vuleanizates having the same equilibrium modulus increases irrespective 
whether first or second testing conditions” is used. 

Some increase of dynamic durability with increase of the molecular weight, 
instead of the expected constancy in these cases, is explained (/) by the fact 
that the molecular chains in the vulcanizates of low molecular fractions possess 
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lower mobility due to greater intermolecular action which is a result of a large 
amount of combined sulfur and (2) by the fact that, the low molecular fractions 
have a more branched structure and a larger number of free molecular chains 
outside of the space net. 

All this leads to considerable microheterogeneity of the material, and con- 
sequent lowering of its durability. Thus, variations of dynamic durability of 
the vulcanizates of various fractions of the rubber SKS-30A with the same 
equilibrium moduli are, in general, determined by the various peculiarities of 
the vulcanizate structures of rubber fractions of low and high molecular weights. 

It follows from Figure 5 that, parallel with the increase of dynamic durabil- 
ity under the condition where f = constant, the relative dynamic elongation 
of the vulcanizates increases. This indicates that the dynamic modulus and 
internal friction of low molecular fractions are higher than for high molecular 
ones in spite of the equilibrium moduli being the same. This fact, together 
with structural pecularities of vuleanizates of low molecular fractions mentioned 
above, accounts for the lower dynamic durability of these fractions. 


CONCLUSIONS 


(1) With decrease of the original molecular weight of rubber, there is a 
parallel decrease of the durability of its vuleanizates when they contain the 
same percentage of combined sulfur. On the other hand, this decrease of dura- 
bility with decrease of the original molecular weight is only slight for vuleani- 
zates having the same equilibrium modulus, i.e., the same density of crosslinks 
in the three-dimensional network. 

(2) In dynamic testing which involves repeated stretching, the durability 
depends on the testing conditions when the vulcanizates contain the same per- 
centage of combined sulfur and at the same time when either the original 
molecular weight of the rubber is low or the equilibrium modulus is small. 
On the contrary, when the original molecular weight or the médulus is high, 
the durability does not depend on the testing conditions. When vulcanizates 
have the same equilibrium modulus, their durability depends on the original 
molecular weight. In this latter case the durability increases with increase of 
the molecular weight, independent of the testing conditions (given maximum 
load, given maximum deformation, etc.), and reaches a practically constant 
value at high molecular weights. 

(3) The fundamental influence of the original molecular weight on the 
strength and dynamic durability of vuleanizates containing the same percent- 
age of combined sulfur is manifest in the retardation of the formation of a 
spatial network in low-molecular rubbers when vulcanized. With rubber of 
low original molecular weight, vulcanization leads to the formation of a thin 
space network and consequently a large number of molecular chain ends outside 
the network. For this reason, vulcanizates of low-molecular rubbers when 
tested are characterized by high permanent set. 
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TRANSFORMATION OF SULFUR LINKS IN 
VULCANIZATES UNDER THE ACTION 
OF TEMPERATURE * 


N. N. TrkHomrirova AND A. Kuzminsxkil 


Screntivic Researcu Inerirutre of tHe Russer 


Vulcanization of rubber is a most important technological process. At the 
present time the generally accepted concept of vulcanization is that, in this 
process, linear molecules of rubber are bonded with each other by one or several 
atoms of sulfur leading to formation of three dimensional spatial structures. 
Therefore, the study of properties of sulfur links in vuleanizates and establish- 
ment of the factors which determine the preeminent formation of different 
types of sulfur links is a matter of significant practical and theoretical interest. 
However, the number of investigations devoted to this question is very limited. 
In previous papers’ it was shown, that the sulfur links of vuleanizates are able 
to break up and to rearrange under action of both temperature and mechanical 
factors. In a comprehensive investigation’ the possibility of interaction of the 
polysulfide sulfur of vulcanizates with the radicals of an accelerator (as for 
example, thiurams) was discussed. On the basis of the data obtained from 
this investigation, one can affirm that the irreversible changes in the structures 
of vulcanizates, which are observed during aging, are largely caused by trans- 
formation of the sulfur links. 

In the present investigation we aimed to develop a method of estimating 
the degree of lability of the sulfur links of vuleanizates and to investigate the 
effect of various factors on structure of the sulfur net of vulcanizates. The 
investigation was performed using radioactive sulfur, 8". 


ISOTOPIC EXCHANGE OF SULFUR IN VULCANIZATES 


In one paper’ it was shown, that in organic polysulfides of the type Ry—S 
S,—S—Rs, where R; and Rp» are aliphatic radicals, only the internal sulfur 
atoms can take part in reactions of isotopic exchange. Thus, sulfur atoms 
directly connected to carbon atoms are unable to participate in such reactions. 
It was interesting to clear up the question of whether or not isotopic exchange 
could take place in vuleanizates containing polysulfide sulfur. Experiments 
involving isotopic exchange were performed using unfilled vuleanizates based 
on technical Na-butadiene rubber (SKB) of the following composition in parts 
by weight per 100 parts of rubber: 


Stearic acid 2 
Zine oxide 5 
Sulfur 6 
Diphenylguanidine 


The vulcanizates made using active sulfur (the specific activity of the sulfur 
was 0.2 mCu/g.) were extracted with acetone for 50 hours to remove free sulfur. 


* Translated for Russex Cuemistry Tecuno.oay from the Zhurnal Fizicheskoi Khimil 29, 1278 
(1955) by John C. Park and George Shkapenko. 
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Then, free inactive sulfur was introduced into the vulcanizate sample by swell- 
ing itin benzene. After removal of benzene, the sample was kept for a certain 
time in a nitrogen atmosphere at a given temperature. When the test was 
completed, the activity of combined and free sulfur in the vulcanizate sample 
was measured after conversion to barium sulfate. 

Experiments performed at the three temperatures 100°, 120° and 143° C 
show that under the experimental conditions used, an intensive exchange 
between free and combined sulfur takes place. These data are of course, not 
adequate to draw a conclusion concerning the mechanism of the exchange 
reaction between free and combined sulfur in vulcanizates; however, the fact 
that the exchange reaction occurs itself confirms the possibility that sulfur 
linkages may be broken and reestablished during thermal treatment of vul- 
canizates. 


FACTORS AFFECTING THE FORMATION OF MOBILE SULFUR 
LINKS IN VULCANIZATES 
We considered the factors affecting the formation of mobile sulfur links and 


their ready breakdown and reestablishment during vulcanization of rubber. 
For this aim a somewhat modified method proposed in a previous paper® was 


TABLE I 


Type of vuleanizate 


Ingredients I IT Ill 
SKB 100.0 100.0 100.0 
Stearic acid 2.0 aC 2.0 
Zine oxide 5.0 5.0 5.0 
Sulfur 6.0 3.0 2.0 
Diphenylguanidine 1.0 
Mercaptobenzothiazole - 1.0 . 
Tetramethylthiuramdisulfide (thiuram) - 1.0 


used, In this method a film of the vulcanizate 3 mm. thick made with inactive 
sulfur was superimposed on the vulcanizate sample (the diameter of the speci- 
men was 30 mm. and its thickness 1 mm.) which was made with active sulfur 
and extracted by acetone for removal of the uncombined sulfur. Both films 
were firmly pressed together using a hand press. In doing this, special atten- 
tion was paid to removal of the air bubbles from the area between the two films. 
The thickness of the upper active film was adequate for complete absorption of 
the 6-radiation of sulfur 8”. Therefore, the initial activity measured, using a 
counter on the side of the upper inactive film, was 30-40 counts per minute. 
In subsequent measurement this activity was subtracted as background 
activity. The sample thus prepared was kept in a thermostat at a given tem- 
perature (from 100° to 150° C) in a nitrogen atmosphere, and at certain time 
intervals the activity was measured from the side of the upper film. 

During the heating period the activity increased. In these experiments 
vulcanizates made of technical Na-butadiene rubber (SKB) with different 
vulcanizing reagents were investigated. The composition of vulcanizates 
expressed in parts by weight per 100 parts of rubber is given in Table I. The 
results of the investigation are given in Figure | having coordinates i and ¢t 
where ¢ is the heating time in hours, and i, the relative activity equal to the 
ratio J/Io, where I is the activity of the upper film in a given moment of time, 
and J, is the initial activity of a vulcanizate made with radioactive sulfur. 
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The appearance of activity in the upper inactive film can be explained as 
follows: Since in our samples all uncombined sulfur was removed by extraction, 
the appearance of activity in the upper film can result only from diffusion of 
free active sulfur formed by thermal break up of the polysulfide links in the 
vulcanizate. It is known that on thermal break up of organic polysulfides 
(130-150°) free sulfur is evolved’. The properties of polysulfide links studied 
in simple model compounds are the same as those of polysulfide links which are 
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Fig, 1.—Sulfur diffusion which results from thermal breakdown of the sulfur links of vuleanizates of 
various structures. Top figure, vulcanizing reagents: 1.0 part of diphenylguanidine + 6.0 parts of sulfur; 
1—100°, 2—120°, 8-—140°, 4-—-150°. Middle figure, vuleanizing reagents: 1.0 part of Captax + 3.0 parts 
of sulfur; 1-——120°, 2-—-130°, 3--140°, 4--150°. Bottom figure, vulcanizing reagents: 0.1 part of thiuram 
+ 2.0 parts of sulfur. The ordinate 1 is relative activity, the abscissa (is heating time in hours. Parts are 
by weight. 


formed during rubber vulcanization. Therefore, it can be assumed that on 
thermal treatment of sulfide vuleanizates, the polysulfide links break up with 
evolution of the sulfur. 

From Figure | it can be seen that the investigated vulcanizates differ from 
each other in initial rate of increase of i as well as by the limiting value of 
tjimit. It is necessary to note that the values of 1\,;, for the same vulcanizates 
at various temperatures coincide. For lower temperatures (100°-120°) the 
time required to reach these limiting values is considerably longer and there- 
fore, the corresponding points on the graphs are not plotted. 

In the case where all of the active sulfur in the lower film was present in the 
free state, the limiting value of i would be determined only by the ratio of the 
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thicknesses of samples and should be equal to I9d/(d + 1), where d and | are 
the thicknesses of the lower and upper films. In our case, when d = 1.0 mm., 
and 1 = 0.3 mm. this ratio is about 0.8. As is clear from the curves given in 
Figure |, this limiting value is never reached in spite of the apparent attainment 
of equilibrium. This indicates that in the vulcanizates under investigation, 
sulfur links of different nature are present, which vary greatly in strength. At 
temperatures of 100°-150° C, the equilibrium distribution of the active sulfur 
resulting from breaking of less durable links, is practically attained, while the 
more durable links have not yet broken up to any great extent. Thus the ob- 
served limiting value of i is determined by the content of labile sulfur links, 
that is to say, by the links able to break under the given conditions. We at- 
tempted to estimate the comparative content of labile sulfur links in various 
vuleanizates by determination of the limiting value of 7. 

In Figure 2 the dependence of the value of ijjni, on the sulfur content in 
initial unextracted vulcanizates is shown. Curve / was obtained for vulcani- 
zates with diphenylguanidine as an accelerator, Curve 2 for vulcanizates with 
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Fie. 2. Dependence of limiting value of tiimu on total sulfur and on the accelerator. 1, diphenylguanidine; 
2, Captax; 8, thiuram. The ordinate is tiimi and the abscissa the total sulfur. 
Fic, 3.—-Sulfur diffusion rate in vuleanizates as a function of temperature for various vulcanizing 
reagents. J, 1.0 part of diphenylguanidine + 6.0 parte of sulfur; 2, 1.0 part of Cuptax + 3.0 parts of 
sulfur; 8, 0.1 part of thiuram + 2.0 parts of sulfur. Parts are by weight. 


Captax, and Curve 3 for vulcanizates with thiuram. The values of tjjmi: for all 
these vuleanizates were determined at 140°. From consideration of this rela- 
tionship one can draw the following conclusions. (1) All vuleanizates have 
labile, easily broken sulfur links; this is independent of the nature of the ac- 
celerator. (2) The quantity of mobile sulfur links is determined by the nature 
of the accelerator and the investigated vulcanizates can be arranged in the 
order of decreasing relative content of these links according to the following 
series: vulcanizates with diphenylguanidine and sulfur, vuleanizates with 
Captax and sulfur and vulcanizates with thiuram and sulfur. (3) At small 
sulfur contents, the value of tjjmi: for all three vulcanizates is small and rapidly 
increases with growing sulfur content up to ~4 parts by weight. This indicates 
that as more sulfur is used, (up to 4 parts by weight) the relative amount of 
labily combined sulfur increases. For vulcanizates with large initial sulfur 
contents, (>4 parts by weight) the relative amount of labily combined sulfur 
does not change as initial sulfur content is increased. These regularities are 
less apparent in the case of vulcanizates with thiuram. In these, the content 
of labile sulfur links is very small. 
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Using the data concerning the increase of i for vulcanizates of the type I, II 
and III (see Table I) the effective energy of activation of the process was calcu- 
lated. It turned out to be the same for all three vulcanizates and equal to 
approximately 8500 calories/mole (Figure 3). Such a low value for the 
energy of activation indicates that in the case given, the determining step is 
not the chemical process of linkage breaking, but the diffusion of free sulfur. 

It was interesting to clear up the effect of the nature of antioxidant and the 
nature of rubber on the structural character of the sulfur net which forms during 
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Fie, 4,— Diffusion of sulfur from SKB vulcanizates containing: 1, 1.0 part of Neozone; 2, 3.0 parts of Neo- 
zone; 3, 0.8 part of diphenylamine; 4, rubber containing no antioxidant. Parts are by weight. 


vulcanization. For this aim, unfilled vulcanizates were studied which were 
made with vulcanizing reagents consisting of 1.5 parts by weight of Captax and 
2.0 parts of sulfur with Na-butadiene rubber, SKB, without antioxidant and 
also with rubber containing 1.0 part by weight of Neozone, 3.0 parts by weight 
of Neozone, and 0.8 part by weight of diphenylamine. These antioxidants 
were chosen because of their widely divergent inhibitory properties’. The 
data obtained are given in Figure 4. As is visible from the figure, for all in- 
vestigated vulcanizates tjimi: at 140° is equal ~0.04. This coincides with 
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Fig. 5. Diffusion of sulfur formed on thermal breakdown of sulfur links in BKS-50 vuleanizates, /, 
1.5 parte of diphenylguanidine, and 2.0 parts of sulfur; 2, 3.0 parts of thiuram, and 0.5 part of sulfur; 8, 1.5 
parte of Captax, and 2.0 parts of sulfur, Parts are by weight 


liimit Of Vuleanizates made from technical rubber SKB with the same vulcaniz- 
ing reagents. Thus, independent of the nature of the antioxidant, the mobile 
sulfur content of these vulcanizates is the same. 

It was shown in examples of vulcanizates based on butadiene-styrene rub- 
ber (SKS-50) with various vulcanizing reagents, that variation of the nature 
of the rubber may lead to formation of sulfur structures containing smaller 
amounts of mobile sulfur. The data of these experiments are given in Figure 
5. From this it is apparent that for all these vulcanizates the value for tjjnir 
is characteristically lower in comparison with those of the vuleanizates based 
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Taste 


Sutrur Content as ZNS Per Cent RELATIVE 
TO THE TOTAL SULFUR 


After heating 
Vuleanizing reagents Before heating 15 hours at 140° 


Thiuram 0.1; sulfur 2.0 4.8 5.2 
Captax 1.0; sulfur 3.0 2.2 2.3 
Diphenylguanidine 1.5; sulfur 2.0 5.0 6.5 


upon SKB. It is remarkable also that for those vulcanizates which were made 
with diphenylguanidine, Captax, and thiuram as the accelerators the djimit 
values differ so little from each other. 


TRANSFORMATION OF SULFUR LINKS BY THERMAL 
TREATMENT OF VULCANIZATES 

In the experiments described above it was shown that breakdown of poly- 
sulfide links takes place during the thermal treatment of vulcanizates with 
evolution of sulfur. To clarify the character of the reestablished links, we 
performed a series of investigations. 

According to modern concepts®, the number of disulfide links in vulcani- 
zates is proportional to the concentration of ZnS. We determined the ZnS 
content in extracted vulcanizates before and after their thermal treatment in a 
nitrogen atmosphere. As is evident from the data given in Table II, after 
thermal treatment of a vulcanizate the ZnS content increases in all cases. This 
indicates that the thermal treatment results in an increase in the relative num- 
ber of crosslinks containing fewer sulfur atoms. Therefore, the thermal treat- 
ment of a vulcanizate should lead to a decrease in the number of labile sulfur 
links, and to an increase in the mean durability of the sulfur links of a vul- 
canizate. This conclusion was confirmed by further experiments. We in- 
vestigated the sulfur diffusion at temperatures of 120°-150° from extracted 
vuleanizates with vulcanizing reagents consisting of 1.5 parts by weight of di- 
phenylguanidine and 6.0 parts by weight of sulfur toward a film of thermovul- 
canizate (SKB rubber heated thoroughly in the press at 220° for 90 minutes). 

In all cases, on the curves i = f (t) a maximum is observed. A typical 
curve is given in Figure 6. The appearance of a maximum can be explained as 
follows: In the lower film of a polysulfide vulcanizate the breaking and forma- 
tion of sulfur links takes place continuously. The initial rise of the curve 
i = f (t) in this case, as well as in the previous experiments involving upper 
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Fic. 6.--Sulfur diffusion at 140° into a film of thermovulcanizate from an extracted vulcanizate cured 


with 1.5 parta of diphenyiguanidine + 6.0 parte of sulfur. The ordinate i is relative activity and the 
abscissa is time in hours 
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films of the same vulcanizate, can be explained by the formation of free sulfur 
and its distribution by means of diffusion between the lower and upper films. 
In the previous experiments, the process of forming the new links occurred 
quite similarly in both upper and lower films; consequently, after reaching 
iiimit, the activity of the upper film did not change. In the case where the upper 
film is made of a thermovulcanizate, the formation of sulfur links in the film 
does not occur. The lowering of i after reaching the maximum can be ex- 
plained only by the fact that in the lower polysulfide film the process of break- 
ing and forming new sulfide links leads to a gradual increase in the number of 
more durable links and a decrease in the number of labile links (see experiments 
concerning determination of the ZnS content). Since this increase of mean 
linkage durability does not end when the maximum value of 7 is reached, a back 
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Fig. 7.-—-Sulfur diffusion from extracted vuleanizates cured with 1.0 part of Captax + 3.0 parts of sul- 
fur at 130°. 1, without preliminary heating; 2, after preliminary heating at 130° for 15 hours. The 
ordinate i is relative activity and the abscissa is time in am 

Fig. 8.— Dependence of feud on vulcanization temperature for an SKS-30A vulcanizate. The ordi- 
nate is diimit and the abscissa is ternperature in °C. 


diffusion of free sulfur from the thermovulcanizate and consequent lowering 
of the curve i = f (t) was observed. Actually, in a polysulfide vulcanizate 
undergoing thermal treatment, the equilibrium 


Scomb ined B tree 


is displaced toward left. In the case of upper and lower films of similar nature, 
the formation of more durable links in the process of thermal treatment of vul- 
canizates can be detected in the following way: The sample under investigation 
should be heated at 130° for 10-15 hours in a nitrogen atmosphere. Then, this 
sample is investigated by the usual method. In Figure 7 the data concerning 
sulfur diffusion from preheated samples containing Captax and sulfur are given. 
In this case it is apparent that the preliminary heat treatment of a vulcanizate 
leads to a decrease in the limiting value of i (Curve 2), that is, to an increase of 
the fraction of relatively durable sulfur links, 

Thus our experiments showed that in the heat treatment of sulfur vuleani- 
zates, rearrangement of the sulfur structures takes place with formation of new 
links which are more durable and less polysulfidic in nature. Therefore, the 
temperature at which a rubber is vulcanized should have a very essential sig- 
nificance in regard to the character of the vulcanizate structure formed. 
Really, the investigation of vulcanizates based on the SKS-30A rubber with 
Altax—0.6 part by weight, diphenylguanidine—0.75 part, and sulfur-——-2.0 
parts, showed that on raising the temperature of vulcanization, the relative 
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content of mobile sulfur links decreases. In Figure 8 the dependence of the 
value of ijimi¢ on the vuleanization temperature for these vulcanizates’ is shown. 


SUMMARY 


It was shown that an exchange between free and combined sulfur takes 
place in vulcanizates. 

2. A method for evaluating the relative durability of the sulfur links in 
vulcanizates was developed with the aid of the radioactive isotope of sulfur 
and the diffusion rate of sulfur between two vulcanizate films. The value of 
iiimit Characterizes the equilibrium distribution of active sulfur. This method 
was used for investigation of a series of vulcanizates 

The heat treatment of vulcanizates leads to the formation of more durable 
sulfur links. 
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THE VULCANIZATION OF ELASTOMERS. VII. THE 
VULCANIZATION OF NATURAL RUBBER WITH 
THIURAM DISULFIDES. PART IV * 


WALTER SCHEELE AND PrTEeR STANGE 


Tue Rosser Inerrrere, Tecuntscue Hocnscuvie, Hannover 


INTRODUCTION AND STATEMENT OF THE PROBLEM 


We have observed previously that the vulcanization of natural rubber with 
thiuram disulfides in the presence of zine oxide leads to a two-thirds conversion 
of the thiuram disulfides to the zine dithiocarbamates; this two-thirds conver- 
sion is practically independent of the temperature’. In our experiments the 
concentration of thiuram disulfide was always 0.1 millimole per gram of com- 
pound and zine oxide was added in large excess over the amount needed for the 
total conversion of the thiuram disulfide to zine dithiocarbamate. A five to 
ten-fold excess was chosen. 

We also found the same conversion of thiuram disulfide to zine dithiocarba- 
mate for the reaction with geraniol. This reaction was conducted under pure 
nitrogen in xylene solution in the presence of zine oxide®. In this investigation 
we varied the concentration of the thiuram disulfide over a four-fold range 
and found that the limiting value of dithiocarbamate formation is 66 mole per 
cent of the thiuram disulfide irrespective of its concentration. In addition, it was 
shown that plotting of the analyses of the solutions at different thiuram disulfide 
concentrations gave but a single reaction curve. 

In the meantime we investigated the vulcanization of natural rubber with 
varying concentrations of tetraethylthiuram disulfide and corresponding vari- 
ations of zine oxide content. We have already published the essential results 
of that investigation’ and therefore shall limit ourselves here to the reproduc- 
tion of Figure 1 which portrays the determination of the limiting value of di- 
thiocarbamate formation. All curves were obtained for a curing temperature 
of 120°C. They clearly indicate that the two-thirds conversion is unchanged 
even if the concentration of the thiuram disulfide is varied over a six-fold range. 
No additional experiments were performed since the increasing amounts of zine 
oxide depress the rubber content of the compounds to such an extent that one 
would not consider them any longer to be of the same type of mixture. The 
curves in Figure | were displaced along the abscissa by an indicated amount 
for clarity, since they cannot be brought to coincidence as a single curve. 
Evidently the results here are different from the ones for the reaction at con- 
stant temperature of geraniol with thiuram disulfides, where the yields of di- 
thiocarbamate with rising thiuram disulfide concentration fell on a single re- 
action curve. This led us to the assumption that the amount of zine oxide in 
the compound influenced the kinetics of the thiuram vulcanization. Further- 
more we investigated the effects of successively increasing zine oxide content, 


* Translated for Russen Cuemisray and Tecunovocy by Franz A. Regenass from Kautachuk und 
Gummi, Vol. 9, WT110-113, May, 1956. Corrections, supplied by the authors, were used for Figures | and 


2 and Table II. 
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leaving unchanged the thiuram disulfide concentration. Before reporting the 
experimental results which, in our opinion, are quite important, we wish to 
lead up to the problem with a few additional remarks. 

We reported in previous papers‘ that the formation of dithiocarbamate as 
well as the decrease in concentration of the thiuram disulfide during vulcaniza- 
tion deviated from the character of first order reactions especially in the region 
of low conversions. But on the other hand we also proved for the example of 
vulcanization with tetramethylthiuram disulfide that both processes are first 
order over the whole conversion range providing the temperature is low enough 
80 that the vulcanization proceeds at a very low rate. Since, in the reaction 
of geraniol with thiuram disulfide in the presence of zinc oxide, such deviations 
could not be observed at any reaction temperature, it was obvious that in the 
highly viscous rubber diffusion-effects might well be responsible for the devia- 
tion of both reactions (thiuram decrease and dithiocarbamate increase) from 


Zine Dithiocarbamate 
3 
| 
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Fie. 1.--Demonstration of the limiting value of dithiocarbamate formation in relation to the tetra- 
ethylthiuram disulfide concentration in the vulcanization of natural rubber at 120° C, The ordinate is 
mole per cent of zine dithiocarbamate. The abscissa is the reciprocal of the time * 1000. The figures 
indieate thiuram concentration in millimoles per gram of compound 


first-order behavior. In our opinion this interpretation was conclusive but it 
led to a few new and unsolved problems which evidently originated from different 
causes. It could not be visualized how diffusion could interfere with the de- 
crease of thiuram disulfide concentration; for it could not be explained as to 
why the molecules of thiuram disulfides should not find reaction “companions” 
considering the extremely small amount of thiuram disulfide in relation to the 
concentration of allylic groups in rubber. A different theory however could 
be envisaged for the dithiocarbamate formation. But nevertheless we were 
puzzled by the fact that diffusion had no effect upon the limiting value of the 
dithiocarbamate formation. If dithiocarbamic acid liberated during vulcani- 
zation must migrate to the zine oxide in order to be transformed into the zine 
salt one might assume that the high vulcanization temperature would cause it 
to decompose. In other words it would have to have a considerable life span 
in order to survive the diffusion process. But just this could not be expected. 

In addition we found during the investigation of the benzoyl peroxide vul- 
canization of rubber that the decrease in peroxide concentration as well as the 
increase in benzoic acid concentration is first order and that this is true regard- 
less of the temperature. If however diffusion toward allyl groups were essential, 
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TABLE I 


DECREASE IN CONCENTRATION OF TETRAETHYLTHIURAM DISULFIDE (2.96 G. PER 100 a. 
OF COMPOUND) AND INCREASE IN CONCENTRATION OF ZINC DieruyL DrrHiocar 
BAMATE IN RELATION TO THE ZINC OxipE CONTENT IN THE VULCANIZATION 
or NatruraL Rupper at 120° C 

Zine oxide per 100 g. of Compound 


2.5 «. 5 l0g 20 30 
Mole-% Mole-% Mole-% Mole-% Mole-% Mole-% Mole-% Mole-% Mole-% Mole-% 
Time, car- thiu- ear- thiu- car- thiu- ear thiu- ear- thiu 
minutes bamate ram bamate ram bamate ram bamate ram bamate ram 
10 2.07 85.0 44 81.0 5.9 81.0 12.6 4 73.0 
15 4.2 76.0 73 76.0 14.5 65.5 18.2 62.0 
20 5.8 70.0 7.75 70.0 11.3 69.0 17.5 51.6 22.2 50.0 
40 9.2 59.0 11.25 58.0 14.25 55.0 22.1 40.6 28.1 34.0 
40 12.0 50.0 14.25 48.0 - 26.6 30.5 34.5 24.0 
60 17.5 35.0 20.0 34.0 26.3 31.0 33.2 15.8 40.0 11.2 
90 25.0 20.5 27.5 19.7 33.7 11.0 41.8 6.05 50.5 84 
120 30.0 12.0 32.5 11.3 39.7 5.6 46.3 2.6 52.5 4.2 
240 40.0 45.5 50.0 3.3 53.1 1.25 62.5 3.8 
1440 62.0 62.5 62.5 62.5 


results identical to the thiuram decrease should have been found, especially for 
the decrease in peroxide concentration. Yet it can be seen that this does not 
hold true at all. Nevertheless, since in spite of all inconsistencies, the kinetic 
deviations observed in rubber vulcanization had to be connected with diffusion, 
we suspected again, that they could be elucidated by investigating the part 
played by the zine oxide. We believe that the results reported in this paper 
verify this theory. 


EXPERIMENTAL RESULTS AND DISCUSSION 


The actual details of the vulcanization and the analytical procedures can be 
omitted from this paper. They have been reported in previous papers®. But 
it has to be mentioned that extracts of vulcanizates with high zine oxide con- 
tent are to be passed through a diaphragm filter, since they contain extremely 
finely divided zine oxide which has been mechanically entrained by the ex- 
tracting solvent and which on occasion may be invisible to the naked eye. In 
the acidimetric conductivity titration of the dithiocarbamate this zine oxide is 


Zinc Dithiocarbamate [mole-per cent] 
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Fig. 2.—Demonatration of the limiting value of dithiocarbamate formation in relation to the zine oxide 
content in the vulcanization of natural rubber with tetraethylthiuram disulfide at 120° C. The ordinate 
is mole per cent zine dithiocarbamate. The abscissa is the reciprocal of the time & 1000, the figures 
indicate zine oxide content in grams per 100 grams of compound 


72 RUBBER CHEMISTRY AND TECHNOLOGY 


titrated and thus the values for the dithiocarbamate concentration become 
high and also scattered. The rubber mixtures investigated contained 0.1 
millimole (2.96 g.) tetraethylthiuram disulfide per 100 g. of compound. The 
addition of zinc oxide was varied from 2.5 g. to 40 g. per 100 g. of compound. 
The rubber content of the mixtures obviously was reduced by this addition. 
The curing temperature of 120° C was the same for all the tests, but there is no 
reason to believe that different temperatures should change the results. Table 
I lists the analytical results of thiuram disulfide and zine dithiocarbamate deter- 
mination for varying zine oxide contents and vulcanization times. 


Thiuram disulfide [Mole-per cent] 
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40 
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Fic, 3.-—-The decrease in concentration of thiuram disulfide as a first order reaction at different zinc 
oxide contents (vulcanization of natural rubber with tetraethylthiuram disulfide at 120°C). The ordinate 
is mole per cent thiuram disulfide, The abscissa is the cure time in minutes. The figures indicate zine 
oxide content in grams per 100 grame of compound. 


In Figure 2 are shown graphically the determination of the limiting values 
of dithiocarbamate formation. It is obvious that the two-thirds conversion of 
thiuram disulfide to dithiocarbamate is not affected by the variation of zine 
oxide content®. However the character of the curves changes with rising zine 
oxide content of the vuleanizates. The curves in Figure 2 again do not coin- 
cide and therefore they have been displaced along the X-axis for easier com- 
parison. 

Figure 3 shows that the decrease in concentration of thiuram disulfide is in 
each case of first order within the observed region of conversion (Y-axis :mole 
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Zine Dithiocarbamate (66.6 x &) 
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Fig. 4.—The formation of zine dithiocarbamate as a first order reaction at different zine oxide contents 
(vulcanization of natural rubber with tetraethylthiuram disulfide at 120° C). The ordinate is (66.6-X) 
mole per cent zine dithiocarbamate. The abscissa is the cure time in minutes. The figures indicate zine 
oxide content in grams per 100 grams of compound 


per cent unchanged thiuram disulfide; X-axis:cure time in minutes). Even 
more noteworthy is the fact that the lines become steeper with increasing zine 
oxide content, that is, the rate constant of the concentration change of thiuram 
disulfide increases with increasing amounts of zine oxide. This becomes quite 
evident when the amount of zine oxide exceeds 5 g. 

The formation of dithiocarbamate closely follows this kinetic “movement” 
of the thiuram consumption as demonstrated in Figure 4. Again it is found 
that within the observed region of conversion the reaction curves are straight 
lines and therefore the formation of dithiocarbamate can be described by an 
equation of a first-order reaction. The increase of the rate constant of dithio- 
carbamate formation with increasing amounts of zine oxide in the rubber is 
evidently similar to the decrease in thiuram disulfide and is demonstrated by 
the increasing steepness of the lines; this again is quite pronounced at zine 
oxide concentrations above 5 g. per 100 g. mixture. 


A TD 


In Table II the rate constants are given. The quotient, kp. of two cor- 


DC 


responding values is practically constant (column 4 of Table Il; mean value 
= 2.62). If the rate constants are plotted vs. the zinc oxide content it is 
found that at the level of 30 g. of zine oxide per 100 g. of mixture a limiting value 


Tasie Il 


Rate Constants oF THIURAM DECREASE AND DITHIOCARBAMATE INCREASE IN RELATION 
To THE Zinc Oxipe CONTENT DURING THE VULCANIZATION OF Ware RAL RUBBER 
with TETRAETHYLTHIURAM DisuLFipe at 120° 


krp in 1/min. of kpc in 1/min. of 
ZnO ing the thiuram the dithio- 
per 100 g. of decrease at carbamate in- krp 
Compound 120° C crease at 120° C ke 
40 5.54 * 10°? 
30 3.62 K 10°? 1.60 K 10% 
20 3.03 10°? 0.97 10° 
10 1.96 X 107 0.78 X 10? 
5 1.80 * 1077 0.65 * 10 


2.5 1.75 10 0.59 * 10° 
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of the reaction rate is not yet distinguishable. Although it was interesting to 
know to what extent the rate constants of thiuram-decrease and of dithiocar- 
bamate-increase could be raised by increasing the zinc oxide addition, we have, 
for the time being, left this question unanswered. 

From the conspicuous change of rate constants in either reaction and from 
the practically constant value of the quotient of corresponding rate constants 
follows that the decrease of thiuram and the increase of dithiocarbamate are 
strictly interrelated. We have expressed this previously by calling the thiuram 
vulcanization a self-contained reaction. Nevertheless, it is surprising that the 
kinetics of the decrease of thiuram is also affected by the zine oxide content. 
Originally we had assumed that the thiuram disulfide reacted immediately with 
the allyl groups and that the zinc oxide influenced this reaction only to the 
extent of binding the liberated dithiocarbamic acid and therefore being merely 
a basic reagent. But since the rate constant of the thiuram-decrease depends 
upon the zine oxide content, the zinc oxide must play an additional part. 

We now wish to discuss the theory that in order to undergo a reaction the 
molecules of the thiuram disulfide perhaps might have to get into contact with 
the surface of the zine oxide crystals and therefore would have to migrate to- 
ward the zine oxide. Thus an adsorption possibly precedes the reaction proper 
and it is the adsorbate which reacts with the ally! groups. In an additional 
reaction step zine dithiocarbamate would be split off from the intermediate 
reaction product. 

One would assume that this explanation of the observed facts is in direct 
contradiction to the observation by D. Craig and coworkers that tetramethyl- 
thiuram disulfide also cures rubber in the absence of zinc oxide®. But in that 
case completely different reactions might be involved. For one thing, D. 
Craig underscores the fact that a considerable concentration of thiuram disul- 
fide has to be present in the rubber in order to give useful vulcanizates. In 
addition he showed that the resulting dithiocarbamic acid, because of its de- 
composition into carbon disulfide and secondary amine, creates completely 
different conditions. Furthermore, one would not want to exclude the possi- 
bility of a different type of reaction of the thiuram disulfide in the absence of 
zine oxide. 

From the way the zinc oxide influences the kinetics of the reactions occurring 
during the thiuram vulcanization (thiuram decrease and dithiocarbamate in- 
crease) one must conclude also that the distribution as well as the particle 
size of the zinc oxide exerts a certain influence on the course of the vulcaniza- 
tion. The smaller the particle size of the zine oxide and the higher its degree 
of dispersion the more possibilities there will be of contact between thiuram 
molecules and the surface of the zinc oxide crystals. However we do not want 
to infer that seme kind of “activity” of the zine oxide is of influence; for, we 
could also vuleanize with coarse-grained zine oxide, and again there was a 66 
mole per cent thiuram disulfide reaction. However, from the data presented 
it is easily conceivable, that the vulcanizates will be the more homogeneous, 
the higher the amount of finely divided zine oxide is and the more uniformly 
it has been distributed by milling. Indeed, investigations—yet unpublished— 
performed at our institute’ proved that the stress-strain values of thiuram vul- 
canizates are reproducible only if the compound is milled repeatedly on a tight 
mill. Without this treatment the observed stress-strain values are lower and 
also scattered. 

In the course of our investigations we were at times able to determine rate 
constants which agreed rather accurately with the Arrhenius equation and 
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which thus permitted the calculation of activation energies. This was prob- 
ably due to the fact that we have always used equal amounts of zine oxide and 
equal thiuram disulfide concentrations and furthermore that we have kept con- 
stant all the other reaction conditions, in particular the milling time. 

Over the years the distribution of reinforcing agents in rubber has played an 
important part in the discussion of rubber technologists. A large number of 
electron microscope pictures has been presented which reveal the manner of dis- 
persion of the reinforcing agents. From these pictures the arrangement of the 
particles has been described, ¢.g., as being chainlike or cloudy, especially in 
compounds containing carbon black. All this leads to the conclusion that, at 
least in all practical cases, no statistical distribution of carbon black particles 
exists. This kind of distribution would represent the ultimate of ideal dis- 
order. Since undoubtedly the particles of many reinforcing agents interact 
with the rubber macromolecules, it is easily understood why the technological 
properties of vulcanizates depend not only upon the “activity” but also upon 
the distribution. 

It will be necessary to keep these ideas in mind, if a picture of the arrange- 
ment of the crosslinks in thiuram vulcanizates is to be drawn, for the results 
of this investigation of the kinetics of the thiuram vulcanization add a new con- 
cept to previously published ones. This is the initiation of vulcanization on the 
surface of the zine oxide crystals. This can mean only, that at the site of a 
zinc oxide crystal a number of crosslinks will be formed. Therefore it is our 
opinion, that in thiuram vulcanizates the distribution of isolated crosslinks can- 
not be described as being statistical, even though an ideal distribution of the 
zine oxide and an idea) dissolution of the thiuram disulfide in rubber might be 
present during vulcanization. On the contrary, it has to be assumed that at 
the site of zinc oxide crystals crosslink nodules are formed which are character- 
ized by the fact that they are the origin of several crosslinks. 

Already H. Pohle*® has brought attention to this. The results of a vast 
number of optical experiments led him to the conclusion that the distribution 
of all materials partaking in the vulcanization is of decisive influence. He pro- 
posed the concept of “localized vulcanization” which, after the aforesaid, seems 
to be a condition sine qua non in the thiuram vulcanization. 

Zine oxide often has been referred to as an “activator” in the thiuram vul- 
canization. We do not wish to decide whether the results of this investigation 
justify this designation. However, it is certainly true that the zine oxide not 
only combines with the dithiocarbamic acid being formed but also exerts a 
specific influence upon the vulcanization. This in turn poses the question 
concerning the behavior of other oxides in the thiuram vulcanization. This 
matter is being investigated at our institute. Although no quantitative result 
can be presented as yet, we wish to mention the following observations: CoO, 
Ni2O; and Fe,O; do not give good vulcanizates, but the formation of the cor- 
responding dithiocarbamates can definitely be proved. The oxide of cadmium 
(next to zine in the periodic table) gives good vulcanizates only at very long 
cure times. In the presence of AlgO, as well as MgO useless vulcanizates with 
foul odor are produced. In contrast to this, excellent vulcanizates are ob- 
tained, e.g., with antimony trioxide, bismuth oxide, and tellurium oxide. 

We hope that the quantitative investigation of the thiuram vulcanization 
in the presence of oxides other than zine oxide will provide an additional clue 
toward the clarification of the reaction mechanism involved. In any event, 
studies of this type are likely to be of interest. 
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SUMMARY 


The present paper deals with the kinetics of the thiuram vulcanization at 
varying thiuram disulfide concentrations as well as with the influence of the 
zine oxide content upon vulcanization at constant temperature (120° C). It 
was found: 

1. The limiting value of dithiocarbamate formation of 66 mole per cent rel- 
ative to the amount of thiuram disulfide used is—within wide limits—inde- 
pendent of the initial thiuram disulfide concentration. 

2. At constant thiuram disulfide concentration the limiting value of 
dithiocarbamate formation is unchanged when the zine oxide content is suc- 
cessively increased. 

3. Changing the zine oxide content while the thiuram disulfide concentra- 
tion is kept constant exerts an influence on the kinetics of the decrease of 
thiuram as well as on the increase of dithiocarbamate. The rate constants of 
both reactions increase. 

4. It is concluded from these results that in all probability vulcanization is 
initiated on the surface of the zinc oxide crystals. 

5. Even in stocks containing as much as 40 g. zine oxide per hundred g. of 
compounds, the limiting value of dithiocarbamate formation remains un- 
changed. This was verified by the analysis of vulcanizates after extremely 
long cure times. The average limiting value of two experiments after 24 hours 
of cure was 65 mole per cent which corresponds to a two-thirds reaction within 
the experimental error. 
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STUDIES OF THE VULCANIZATION OF ELASTOMERS. 
VII. THE VULCANIZATION OF SYNTHETIC 
RUBBERS WITH THIURAM 
DISULFIDES (1) * 


WALTER SCHEELE AND Horst—Eckartr TOUSSAINT 


Tue Ruseser Inerirere, Tecunisene Hocuscenute, Hannover, 


INTRODUCTION AND STATEMENT OF THE PROBLEM 


In a series of papers' it has been shown that in rubber tetraalkylthiuram 
disulfides are, in the presence of zine oxide, transformed to the extent of two- 
thirds into the corresponding zine dithiocarbamates, practically independent 
of the concentration and of the temperature. In addition, it was established 
that vulcanization by a thiuram monosulfide and sulfur (1 gram atom of sulfur 
per mole of thiuram monosulfide) proceeds in the same way as does vulcaniza- 
tion by thiuram disulfides. To be sure, at temperatures below 120° C an 
opening reaction of the monosulfide with sulfur was fouud to be clearly recog- 
nizable by the dependence of the rate constant of dithiocarbamate formation on 
the temperature. Finally it was established that in its reaction with a thiuram 
disulfide, geraniol, (HsC)oC:CHCH,CH,C(CH;):CHCH,OH, also converts 
two-thirds of the thiuram disulfide into zine dithiocarbamate. From this we 
are led to the conclusion that it is the allyl units of polyisoprene which in all 
cases react in the same way with a thiuram disulfide. Both the decrease of 
concentration of the thiuram disulfide and the increase of concentration of zine 
dithiocarbamate during vulcanization represent first-order reactions. Zine 
oxide was found to have a specific influence of its own on the kinetic relations 
during vulcanization. 

It has thus been demonstrated that vulcanization by thiuram disulfides 
always leads to the same end result and that only the rate of vulcanization 
varies according to conditions, so that from a technical viewpoint various con- 
clusions may be drawn from the results obtained. Nevertheless we have ex- 
tended our studies to synthetic rubbers. It was considered that much inter- 
esting information, particularly in the quantititave sense, might come of such 
an investigation, and that among other things, the results might contribute 
further to the ultimate explanation of the underlying principles of the reaction 
mechanism. Accordingly we chose first of all to study more closely the vul- 
canization of Buna 8-3 by tetraethylthiuram disulfide. The present paper is a 
report of the results of this work. 

EXPERIMENTAL PART 

Buna 8-3, as it comes from the polymerization process, contains a series of 
impurities which accumulate in it during the course of the synthesis and which 
Translated for Russer Cuemisrry Tecunovoey from Kautechuk und Gummi, Vol. 9, No. 6, 
pages WT 149-152, June 1956. Part VII is concerned with the vulcanization of natural rubber with 


thiuram disulfides, and was published in Kautschuk und Gummi, Vol. 9, No. 5, pages WT 110-113, May 1956 
and in this issue of Russer Cuemisrry Tecuno.ocy (see preceding paper). 
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are not completely removed even during washing of the coagulum. Among 
these impurities are the soaps used as emulsifiers of the mixture of styrene and 
butadiene monomers, as well as regulators and chain initiators. Finally the 
polymer contains phenyl-2-naphthylamine. These impurities were removed 
by exhaustive extraction by alcohol. The treatment with alcohol was con- 
tinued until the dried polymer no longer yielded to acetic acid any ingredients 
which consumed acid. This point was reached after extraction for about six 
days. 

Buna 8-3 purified in this way was a practically colorless product, which was 
processed by a milling procedure at the lowest practical temperature in the 
following way to a homogeneous sheet. A few days before making the polymer 
mixture, the polymer itself was processed on a roll mill for one hour. Provided 
if this technique does not cause any noteworthy degradation, a coherent, even 
if not smooth, sheet is obtained. Just before mixing in the zine oxide and 
thiuram disulfide, the Buna S-3 was again milled for an hour, this time on rolls 
cooled to a very low temperature. Following this treatment the zine oxide and 
thiuram disulfide, accurately weighed, were added without any losses. In this 
case the mixing operation required about 15 minutes. All the mixtures 
prepared in this way contained 87 grams of Buna 8-3, 10 grams of zine oxide 
(active type), and 3 grams of tetraethylthiuram disulfide. 

The vulcanizates were prepared in the way already described repeatedly. 
Both the time of vulcanization and the temperature were varied systematically. 
Accurately weighed amounts of the finely divided vuleanizates were extracted 
at room temperature in darkness with ethyl acetate. Whereas extraction of 
natural-rubber vulcanizates required 5-6 days, extraction of the Buna 8-3 
vulcanizates was complete in only 3 days, i.e., an essentially shorter time. The 
solvent was, of course, renewed several times. 

For the quantitative analyses, accurately measured portions of the purified 
extract fractions, which had been brought to a definite volume in a measuring 
flask, were converted into an aqueous acetone solution by evaporation of the 
ethyl acetate in a vacuum and resolution of the residue in acetone, and were 
then placed in a conductivity cell. The zine dithiocarbamate was titrated 
conductometrically at 40° C with hydrochloric acid. In the same solution and 
at the same temperature, the thiuram disulfide was then titrated, after addition 
of hydroquinone, with copper sulfate, this time also conductometrically’. 

To complete our recent studies of the extraction of vuleanizates and the 
quantitative analysis of the extracts’, we show the behavior of thiuram disul- 
fides in their solutions by means of the experimental data recorded in Table I 
and not published heretofore‘. 

It is evident from Table I that by prolonged heating of its acetone solution, 
tetramethylthiuram disulfide decomposes completely (Nos. 1 and 2), whereas 
zinc dimethyldithiocarbamate is not altered and can be recovered quantita- 
tively (No. 3). Experiments 4 and 5 show, however, that solutions of tetra- 
methylthiuram disulfide in cyclohexane are essentially more stable than are the 
acetone solutions, for even after boiling the cyclohexane solutions for 24 hours 
considerable amounts of thiuram disulfide were still present. That tetra- 
ethylthiuram disulfide is essentially more stable than is tetramethylthiuram 
disulfide, even in acetone solution, is demonstrated by Experiment 6. In 
addition, Experiment 7 shows that zine diethyldithiocarbamate remains 
unchanged after prolonged boiling of its acetone solution. When, however, 
tetraethylthiuram disulfide and zine diethyldithiocarbamate are together in 
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acetone solution, the thiuram disulfide undergoes considerable decomposition 
when the solution is boiled, whereas the dithiocarbamate can be recovered 
quantitatively (Experiment 8). Again, in boiling cyclohexane, tetraethyl- 
thiuram disulfide is practically stable, even when the solvent has a sublayer of 
dilute hydrochloric acid. This is shown by Experiments 9 to 12. Only when 
zine diethyldithiocarbamate is added is there any appreciable decomposition of 
the thiuram disulfide, and yet even then the zine dithiocarbamate is again 
recovered quantitatively (Experiments 13 to 15). Experiment 19 shows, 
however, that when zinc dithiocarbamate and thiuram disulfide are present 


TABLE 
BenAviorn oF THrrvAM DisuLFipes IN VARIOUS SOLVENTS 


Recovered 
Thiuram Zine dithio- (%) 
disulfide carbamate 
used used Zine 
A A Thiuram dithio 
(milli- (milli- disul- carbam- 
(mg.) mole) (mg.) mole) Treatment of the solutions fide ate 


Tetra- 
methyl- 
thiuram 
disulfide 


143.7 1.84 48 and 24 hours in boiling 0.0 
120.2 0.50 acetone 0.0 
86.8 0.361 f 0.267 5.6 


204.4 1.22 . 24 hours in boiling eyclo- 85.0 

59.1 0.245 hexane 77.2 
Tetra- 434.0 1.465 24 hours in boiling acetone 06.5 

71.3 0.240 17.0 
ethyl- 
1.743 - - 24 hours in boiling eyclo- 99.0 
0.50 - hexane, with and without 87.4 
0.50 addition of 0.05 N HCl 97.2 
0.236 96.2 


thiuram 


di- 
0.159 212.0 0.587 24 hours in boiling cyclo- 52.0 100.0 
0.283 194.9 0.540 hexane 32.0 101.0 
0.287 181.0 0.500 75.2 96.5 


sulfide 3. 0.280 24 hours in boiling ethyl 95.1 


183.2 0.507 acetate 
0.250 90.5 0.250 87.2 


0.219 74.3 0.205 24 hours in boiling cyclo- 08.7 
hexane, with an underlayer 
of HCI 
0.507 187.4 0.478 240 hours in ethy! acetate 99.7 
at room temperature 


Tetra- 36.: 0.103 Analysis of the acetone 98.0 

propyl- 2% 42.1 0.101 solution 101.0 

thiuram ¥, 637.5 1.528 24 hours in boiling eyclo- 100.5 

di- : 119.2 0.339 . hexane with an wadorloges 94.2 

sulfide 2! 128.6 0.365 81.0 0.194 of HCl 95.8 0.0 
y 69.0 0.196 76.9 0.182 04.5 0.0 


together, there is practically no decomposition of the disulfide, if there is an 
underlayer of HC! below the solvent, but that the dithiocarbamate is des- 
troyed®. With ethyl acetate as solvent, decomposition is not extensive, even 
after prolonged heating of the solution in the presence of zine diethyldithio- 
carbamate, and of course in cases where the latter is present, it is recovered 
quantitatively (Experiments 16 and 18). If, then, an underlayer of hydro- 
chloric acid is placed below the solution, the dithiocarbamate is destroyed. It 
is evident that ethyl acetate is a solvent well adapted to the purpose and can be 
relied upon when vulcanizates are extracted at room temperature in darkness. 
Under these conditions the solutions are, as experience has taught us and as 
Experiment 20 shows, very stable over long periods of time, with no change in 


101 

99.0 

98.7 

18 74.0 90.3 

19 65.1 0.0 
20 150.2 99.4 
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their titer. Even after ten days (Experiment 20), both the thiuram disulfide 
and the dithiocarbamate were recovered quantitatively. It remains, in view 
of the foregoing discussion, to discuss in some detail the experiments (Nos. 21 to 
26) with tetrapropylthiuram disulfide. 


EXPERIMENTAL RESULTS AND DISCUSSION 


Figure 1 shows the increase of the concentration of zinc dithiocarbamate in 
mole per cent of the thiuram disulfide used (ordinate) as a function of the time 
of vulcanization (abscissa). The diagram obtained does not differ qualitatively 
from transformation curves that have already been obtained numerous times. 
However, in this case, it cannot be seen directly whether the curves tend toward 
a common limiting value. This can be recognized only by plotting the loga- 
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Fic. 1.--Formation of zine dithiocarbamate in the vulcanization of Buna 8-3 by tetraethylthiuram 
disulfide. The ordinate represents the amount of zine dithiocarbamate present in mole per cent; the 
abeciasa, the time of vulcanization in minutes 


rithm of the zine dithiocarbamate of the vulcanizate in mole per cent of the 
thiuram disulfide as a function of the reciprocal of the time of vulcanization, as 
has been done in Figure 2. 

It is evident that as with natural rubber, in the vulcanization of Buna 5-3 
by a thiuram disulfide, 66 mole per cent of the thiuram disulfide is transformed 
into zine dithiocarbamate, independent of the temperature. The extrapolation 
of the curves is hardly open to question, for in practically all cases of very 
extended times of vulcanization the limiting value was closely approached. 
Nevertheless, Figure 3 shows that this may not be exactly true and that the 
curves might still overlap, where the zine dithiocarbamate content of the vul- 
canizate, in mole per cent of the thiuram disulfide, is plotted as a function of the 
reciprocal of the time of vulcanization. The curves then have an S-shaped 
form, and show in the regions of progressively smaller values of log 1/t no indi- 
cation of intersecting, but rather indicate clearly that they all tend toward the 
limiting value of 66 mole per cent of the original thiuram disulfide. There can 
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Rez prove Vulkanisationszert 10° 
Fie. 2.—-Demonstration of the limiting value of dithiocarbamate formation in the vulcanization of 


Buna 8-3 by tetraethylthiuram disulfide. The ordinate represents the amount of zinc dithiocarbamate 
present in mole per cent; the abscisna, the reciprocal of the time of vuleanization in minutes (1/t) K 10*. 
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Fie, 3.--Representation of the yield of zine dithiocarbamate as a function of the logarithm of the recip- 
rocal of the time of vulcanization in the vulcanization of Buna 8-3 by tetraethylthiuram disulfide. T 
ordinate represents the amount of zine dithiocarbamate present in mole per cent; the abscissa, the reciprocal 
of the time of vulcanization in minutes (1/t) ¥ 10°, 
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Fig. 4.— Decrease of concentration of tetraethylthiuram disulfide in the vulcanization of Buna 8-3 as a 
reaction of the first order. The ordinate represents the amount of tetraethylthiuram disulfide present in 
mole per cent; the abscissa, the time of vuleanization in minutes. 


consequently, remain no doubt about the constant, i.e., temperature-inde- 
pendent, limiting value of dithiocarbamate formation in thiuram vulcanization. 
This we should like to emphasize again in connection with observations which 
we recently made on the subject®. 

Table II, in which all of the analytical data on vulcanizates prepared with 
different times of cure and at different temperatures are recorded, shows 
further that the concentration of the thiuram disulfide declines to zero, as also 
happens in the vulcanization of natural rubber and in the reaction of geraniol 
with a thiuram disulfide. A graphic representation, which would show this 
particularly clearly, is omitted because of economy of space. 

It should be emphasized at this point that tetraethylthiuram disulfide 
reacts with Buna 8-3 much faster than it does with natural rubber. An 
examination of Figure 4, in which the experimental results on the decrease of 
concentration of thiuram disulfide at temperatures of 90°, 100°, 110°, and 120° 
C according to a first-order reaction are shown’ (where the ordinate is the con- 
centration of thiuram disulfide still present at the particular time and the 
abscissa is the time of vulcanization) are recorded, will show that the curves cut 
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Fic. 5.—-Zine dithiocarbamate formation as a first-order reaction in the vulcanization of Buna 8-3 by 
tetraethyithiuram disulfide. The ordinate represents the amount of zine dithiocarbamate present in mole 
per cent; the abscissa, the time of vuleanization in minutes 
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Rate Constants or THE Decrease or THIURAM kyp AND OF THE INCREASE OF DirHio- 
CARBAMATE kyo DURING VULCANIZATION OF BuNA 8-3 BY TETRAETHYLTHIURAM 
DisuLFIpDE 


Temperature 


(in K”) kero koe KL kro: kpe 
363 5.3 2.9 1.83 
3658 7.5 4.9 1.5 
373 13.5 7.3 1.85 
378 20.7 10.3 2.0 
385 46.2 18.1 2.0 
388 51.4 29.4 1.75 
393 96.4 39.5 2.44 

Mean value 1.91 


the ordinate at points somewhat below 100 per cent. From this it must be con- 
cluded that the transformation of tetraethylthiuram disulfide has already taken 
place to a small extent even during the mixing operation. Otherwise thecurves 
have essentially the same form as those for the vulcanization of natural rubber, 
and again in this range of only limited transformation deviations from the 
course Of a first-order reaction are evident. In what way these are to be 
interpreted, we have already discussed. The deviations are also evident when 
the dithiocarbamate formation is plotted as a first-order transformation, as 
represented by the curves of Figure 5 (where the ordinate is the difference 
between the limiting value of dithiocarbamate formation and the extent of 
transformation and the abscissa is the time of vulcanization). 

As derived from the linear sections of the curves in Figures 4 and 5, the rate 
constants are recorded in Table III. Here too, in the vulcanization of Buna 
8-3, the formation of the dithiocarbamate under the particular experimental 
conditions chosen (composition of the mixture) is the slower reaction. The 
rate constants are, moreover, about a tenth power higher than for the vulcani- 
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Fie. 6.—Rate constants of the decrease of thiuram (line 1) and of dithiocarbamate formation (line II) 
as & function of the temperature in the vulcanization of Buna 8-3 by tetraethylthiuram disulfide. 
ordinate represents the rate constant K x 10°; the abscissa, the reciprocal of the absolute temperature 
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zation of natural rubber by tetraethylthiuram disulfide. The quotient krp,kpc 
is again practically constant, with a mean value of 1.91. 

When the logarithms of the rate constants are plotted as a function of the 
reciprocal of the absolute temperature, straight lines such as those in Figure 6 
are obtained. The activation energy calculated on the basis of the increase 
of dithiocarbamate is 25,000 calories ; and calculated on the basis of the tempera- 
ture dependence of the rate constants of the decrease of thiuram disulfide it is 
26,000 calories. 

The experimental results show that thiuram disulfides also react with ally! 
units present in Buna 8-3 in a different arrangement in the macromolecules 
exactly as do the disulfides with natural rubber, i.e., the unipolymerized 
styrene units have no manifest influence on the vulcanization of Buna 8-3 by a 
thiuram disulfide, for here too there is a two-thirds transformation of the 
thiuram disulfide into zine dithiocarbamate. In view of this, one is necessarily 
led to the conclusion that all poly-1,5-dienes react in the same way with thiuram 
disulfides, and that they still react in this way even when they are present as 
mixed polymers. There are, of course, exceptions, e.g., when the unipoly- 
merized monomer contains a substituent which reacts with the thiuram disulfide 
through a secondary reaction. The essentially higher rate constants of the de- 
crease of thiuram and increase of dithiocarbamate, as well as the relatively high 
activation energies of both phenomena, when compared with the vulcanization 
of natural rubber by tetraalkylthiuram disulfide, are probably explainable by 
the fact that the allyl units in Buna 8-3 contain no methyl groups at the double 
bond. However, in spite of this influence of the constitution the overall effects 
of vulcanization on network formation remains the same. This is to be ex- 
pected if allyl units always react with a thiuram disulfide in the same way. 


SUMMARY 


The vulcanization of Buna 8-3 by tetraethylthiuram disulfide is reported. 
A quantitative study of the transformation reactions led to the following results. 


(1) Using tetraethylthiuram disulfide as representative of the class, it was 
found that two thirds of it undergoes transformation to zine dithiocarbamate 
during the vulcanization of Buna 8-3, independent of the temperature. 

(2) Both the decrease of thiuram disulfide and increase of dithiocarbamate 
are first-order reactions within a wide range of the transformation. 

(3) The rate constants of the decrease of thiuram and of the increase of 
dithiocarbamate are a little less than a tenth power greater than for the vul- 
canization of natural rubber. This is possibly explainable by the different 
structure of the allyl units in Buna 8-3. 

(4) The activation energies of the decrease of thiuram as well as the in- 
crease of dithiocarbamate are nearly the same and are greater than for the 
vulcanization of natural rubber. 
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OF DEVULCANIZATION * 
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Russer Receneratine Co., Lrp., Enauanp 


INTRODUCTION 


Conventional processes of reclaiming natural rubbers are characterized by a 
considerable increase of the chloroform solubility of the rubber hydrocarbon. 
Stafford’ and Winkelmann’ indicate that this fraction has a much lower sulfur 
content than the insoluble portion, and, more recently, LeBeau’ studied the in- 
fluence of “reclaiming atmosphere’ (e.g., steam, alkali, etc.) on the rate of forma- 
tion of this soluble part. Palmer and Kilbourne* have made a detailed study of 
many aspects relating to its significance in reclaiming and in the ultimate re- 
claims. LeBeau’ and others now consider that the mechanism of devulcaniza- 
tion is essentially one of depolymerization, arising from hydrocarbon chain 
scission, consequent upon the breakdown of olefin hydroperoxides formed 
during the autoclave treatment of the scrap. Certain so-called peptizers 
(polyalkylphenol sulfides, etc.) are known to promote the rate of this oxidative 
scission, but the course of the reactions involved is still the subject of investiga- 
tion. The influence of oxygen has been characterized as temporary’, since 
there is little permanent oxidation and losses in the degree of unsaturation are 
relatively insignificant. Reclaiming is sometimes likened to reversion, but the 
relationship between this process and that taking place during devulcanization 
does not seem to have been investigated systematically. 


EXPERIMENTAL WORK 


The work here recorded was largely concerned with the behavior of three 
types of vulcanizates when subjected to specific conditions of reclaiming. The 
stocks used were: 

Mix A.—A sulfurless tetramethylthiuram disulfide type, normally accepted 
as being of good heat resistance and essentially non-reverting. 

Mix B.—A mercaptobenzothiazole type classed as being more reverting 
than A. 

Mix C.—An unaccelerated rubber/sulfur stock, included largely for the 
purpose of comparison. 


A 


Smoked sheet 100 
Sulfur 

Stearic acid 0.5 
Zine oxide 6 
Tetramethylthiuram disulfide 3.6 
Mercaptobenzothiazole 


* Reprinted from the Rubber Journal (London), Vol. 130, No. 11, pages 292 and 204-296, March 17, 
1956 
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Optimum cures were as follows: 


A— 20 min. at 140° C, 
B— 20 min. at 140° C, 
C—360 min. at 140° C. 


Slabs of each were press-cured as above, cooled, and then removed from the 
molds. They were immediately ground to 16 mesh, sealed in air-tight con- 
tainers, and held for seven days before reclaiming. The reclaiming treatments 
were a8 follows. 


(1) Water-cooked.—This involved autoclave treatment, the rubber being 
immersed in water for 16 hours at 191° C. The temperature was raised by 
means of a direct saturated steam feed at the appropriate pressure. 

(2) Alkali-cooked.—Similar to (1), but stocks were immersed in 3 per cent 
aqueous caustic soda. 

(3) Water-cooked after removal of free sulfur.—¥ree sulfur was first ex- 
tracted by means of open boiling in dilute sodium sulfite as per ASTM®, after 
which the rubber was exhaustively washed with water and then water-cooked 
asin (1). This treatment was restricted to Mixes B and C, since A showed no 
elemental sulfur in the acetone extract. 

On removal from the autoclave, all the rubbers were thoroughly washed 
with water, excess of which was removed by mechanical pressure, followed by 
partial drying in a stream of cold, dry air, and final drying in a vacuum desic- 
cator. By this procedure it was hoped to minimize oxidation during the removal 
of water. 

(4) Oven-cooked.—In addition to the above, reclaiming was also effected by 
first curing the original raw rubber mixings to the optimum in a daylight press, 
after which the molds were securely clipped to prevent any ingress of air, ete., 
tothe rubber. The clipped molds containing the rubber were then placed in an 
air oven for 16 hours at 191° C, withdrawn and cooled, after which the speci- 
mens were taken out. 


The resultant dry stocks from the various treatments were passed ten times 
through a laboratory mill set at 0.1 inch, and the processing characteristics 
arbitrarily assessed. 

Prior removal of uncombined sulfur as in treatment (3) was undertaken in 
order to avoid the complications which arise from the further reactions of rela- 
tively high percentages of this element. Comparison of the results obtained by 
oven cooking with those from water and alkali were expected to give someindi- 
cations of the specific influences of water and air. 

Analytical procedures were substantially as in BS 903: 1950 and ASTM 
1)297-50T. Chloroform extraction was prolonged to 48 hours‘ and sulfide 
sulfur was taken to represent total inorganic sulfur. Several attempts were 
made to estimate sulfur in the insoluble matter obtained from the solution 
method, but all failed because of inability to retain this residue on the filter. 
After dilution with carbon tetrachloride, the solutions were centrifuged, but 
only partial sedimentation occurred. Brazier and Ridgeway® cite objections 
to the older nitrobenzene procedure and prefer to estimate sulfur by the method 
of Stevens’. The method used here, as per BS 903: 1950, yielded results which 
were very readily duplicated. Table I summarizes the analytical results 
obtained. 
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DISCUSSION 

Processing Characteristics of Reclaims.—In all treatments Mix A (sulfurless 
TMT-cured) yielded by far the most plastic product, this being in line with the 
higher chloroform extracts and lower combined sulfurs. On the other hand, 
this essentially non-reverting type of vulcanizate would be expected to offer the 
maximum resistance to thermal degradation and be difficult to plasticize. The 
oven-cooked stock was much less plastic than the water-cooked, and this is 
perhaps indicative of the presence of oxygen in the latter medium. In the 
instance of Mixes B and C, only the alkali cooks could be considered to be tech- 
nically reclaimed, the other treatments yielding stocks lacking in coherence and 
tack. In general, the differences between B and C under similar treatments 
were relatively insignificant, B being perhaps a little more plastic. 

ANALYTICAL RESULTS 

Zinc sulfide formation.—In every case there is an increase of zine sulfide 
content. The mechanism of this formation, either during normal cure or over- 
cure, is by no means clear. Bott* investigated the reaction of sulfur and hydro- 
gen sulfide on zine oxide by a thermodynamical treatment. He concluded that 
sulfur did not react directly to form zine sulfide. However, the calculations 
were based on a temperature of 141° C, the absence of water was assumed, and 
the effect of stearic acid was not considered. Bergem® tackled the problem by 
heating a mixture of high molecular weight polyisobutylene with sulfur, zine 
oxide, and stearic acid. Using 8 per cent sulfur, only 0.08 per cent sulfide 
sulfur was formed after six hours at 152° C. 

Increasing zine sulfide formation is in line with that known to take place 
with progressive overcuring, especially at higher temperatures®. Ambelang and 
Smith” noted this in GR-S reclaims, during a study of reclaiming agents, and 
as in the present work, they found no correlation between such increases and 
reclaiming activity. Zapp and coworkers" studied the reversion of sulfur- 
cured Butyl rubbers and found sulfide formation greatest on prolonged curing, 
particularly at high temperatures. They suggest that at 400° F some of the 
disulfide linkages are severed, thus decreasing their effective numbers, and 
leaving the sulfur combined in a non-crosslinked form. Adams and Johnson” 
state that late in the vulcanization reaction, when almost all the sulfur has 
reacted, the decrease of crosslinking balanced the increase in zine sulfide, so 
that the sum of the two remained constant. They suggest that zinc sulfide is 
a measure of degradation and that this may occur by rupture of the crosslinks 
rather than by chain scission. 

The consistent increases of the sulfide shown by the three types of vulcani- 
zates with or without free sulfur, and in various media, indicate that some of 
the reactions of reclaiming processes have common ground with those associated 
with reversion. Probably reversion and the depolymerization that is con- 
sidered to predominate in reclaiming are to be considered as somewhat similar 
types of degradation. The former, especially at high temperatures, is com- 
monly assumed to involve chain scission. The rupture of crosslinks, which 
may be indicated by continued zinc sulfide formation, should decrease resistance 
to deformation and so contribute to the latent plasticity effected by heat 
treatment. 

Sulfur combined to rubber.—A consideration of this constituent of the re- 
claims prepared from Mixes B and C, after prior removal of uncombined sulfur, 
is interesting. Mixes B and C show reductions of 0.35 per cent and 0.14 per 
cent, respectively, in the percentage of combined sulfur in the rubber contents, 
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together with increases of 0.33 per cent and 0.24 per cent in sulfide sulfur. 
Taking Mix B with a total of only 0.04 per cent sulfur in the acetone extract, 
it might appear that part of the sulfur necessary for the increased zinc sulfide 
was drawn from that combined to the rubber prior to reclaiming. In the in- 
stance of the alkali cook, Mix B shows a fall of 0.5 percent sulfur combined to 
rubber, but since part of the initial free sulfur would be lost as sodium sulfide, 
it is not possible to account for losses of this combined sulfur as increases in zine 
sulfide content. Moreover, sodium sulfide is extremely difficult to wash out 
from reclaim completely, and the 1.59 per cent sulfide sulfur may have contained 
traces of this soluble sulfide. 

It should be made clear that the presence of zine oxide is not associated with 
the promotion of any heat plasticizing influences, and therefore from a re- 
claiming standpoint, these seemingly small losses of sulfur combined to rubber 
are largely of academic interest. They can, perhaps, be regarded as the result 
of reversion being carried to an extent far greater than that normally associated 
with vulcanization. It is hoped to make further investigations into this aspect 
of reclaiming. 

The sulfur combined to rubber in Mix A is not reduced by any of the re- 
claiming procedures. In the instance of the alkali treatment, the initial sulfur 
combined in the acetone extract of the vulcanizate has been almost quantita- 
tively converted to sulfide sulfur. The sulfur combined to rubber remains 
intact, whereas that in Mixes B and C shows losses which would appear to 
indicate certain differences in the mode of combination, A showing greater 
stability. The water cook involves a sharp fall of total sulfur. Possibly this 
could be explained on the grounds of the water solubility of some of the de- 
composition products of the tetramethylthiuram disulfide’, but this would not 
necessarily explain the complete retention of all sulfur in the alkali cook. 

Ratio of sulfur in chloroform-insoluble to that in chloroform-soluble rubber. 
—This is of the order of 2.32 to 1.05, and, leaving out Mix A, which is perhaps 
abnormal, 1.44 to 1.05. Some of these previously reported", largely based on 
technical reclaims, are of the order of 7 to 10'**. This very wide difference 
may perhaps be explained on the grounds that the chloroform extracts of B and 
C, excepting alkali cooks, are well below normal, and, moreover, the cured 
rubbers of origin were virtually unaged. Additionally, the type of accelerators 
employed may vary this ratio, as indicated in the case of (Mix A). On the 
other hand, within limits the ratios here determined do not show any very 
significant differences even at different levels of sulfur combined to rubber; e.g., 
Mix C, water-cooked with 4.22 percent sulfur combined to rubber shows a ratio 
of 1.23. After initial removal of free sulfur with sodium sulfite, the sulfur 
combined to rubber is 2.39 per cent and the ratio 1.22. 

Various explanations of the alleged reduction of sulfur in the chloroform 
extracts of reclaim have been suggested elsewhere. An investigation of the 
influence of the presence of zine oxide on the ratio would appear to be interesting, 
since the increase of the zine sulfide content is obviously a factor of prime im- 
portance. 


CONCLUSIONS 


(1) Three types of natural-rubber vuleanizates have been treated under 
specific reclaiming conditions. The resultant products have been examined 
particularly for the manner of sulfur combination and for chloroform extract. 
. The normally accepted, non-reverting tetramethylthiuram disulfide type stock 
was found to be by far the most amenable to plasticization by thermal agencies. 
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This observation is more or less in line with conclusions of van Amerongen’®, 
drawn from a recent study of the oxidative and non-oxidative thermal degrada- 
tion of rubber. A natural pure-gum type, cured with tetramethylthiuram 
disulfide only, when heated in the absence of oxygen, at temperatures up to 
175° C, was found to revert much more than a similar type cured with 1.0 per 
cent Santocure and 2 per cent sulfur. Swelling in benzene, after heating 3 days 
at 150° C, increased considerably with the former, whereas with the latter it 
remained unchanged. This greater “devulcanizing tendency” is explained on 
the basis of the tetramethylthiuram disulfide type having comparatively few 
crosslinks and no free sulfur to form additional ones, hence, “. . . if any links 
are broken down, a seemingly unvulcanized rubber results. . The access 
of air under the reclaiming conditions used in our work would certainly be 
limited, and the highly plastic stocks obtained are to be expected in the light of 
the reference cited. Finally, van Amerongen concludes that in the absence of 
oxygen, it is inadvisable to use tetramethylthiuram disulfide vuleanizates where 
thermal stability is important. Mercaptobenzothiazole and rubber/sulfur 
types did not show any very significant differences in plasticization. 

(2) Considerable increases in zine sulfide resulted in all cases, even when 
free sulfur was virtually removed before reclaiming, and in the latter instance 
there appears to be a reduction in rubber combined sulfur. In general, the 
changes are in line with those reported elsewhere in the reversion of natural and 
Butyl vulcanizates. 

(3) In all reclaims made, the ratio of sulfur in the chloroform-insoluble 
rubber to that in the soluble portion is very much lower than that previously 
published elsewhere. The comparison is not necessarily sound since the prod- 
ucts tested are not technical reclaims, and generally the chloroform extracts 
were of a low order. 

(4) Under the highly reverting thermal conditions employed in this work, 
plasticization was generally inferior. This perhaps supports the theory that 
reclaiming is essentially a depolymerization process associated with traces of 
oxygen. The line of demarcation between reclaiming and reversion is by no 
means well defined. Since reclaiming treatments are normally much more 
severe than those needed to induce the characteristics of reversion, it may well 
be that reversion is only one factor in the mechanism of reclaiming, but it is a 
factor which cannot be ignored in any comprehensive consideration of de- 
vulcanization. 
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THERMAL DEGRADATION OF UNVULCANIZED AND 
VULCANIZED RUBBER IN A VACUUM * 


Sipney Srraus 8S. L. Maporsky 


NaTIONAL Bureau or Sranparvs, Wasutnoron, D, C 


The history of distillation of rubber under various conditions of tempera- 
ture, pressure, and atmosphere goes back more than a century’. As far back 
as 1860, Williams? distilled rubber in an iron retort at relatively low tempera- 
tures and obtained some 5 per cent of crude isoprene. In 1922, Staudinger and 
Fritschi® distilled rubber at 275° to 320° C at 0.1- to 0.3-mm. pressure and ob- 
tained 3.1 per cent of isoprene. In 1926 Staudinger and Geige r distilled rubber 
below 300° C at ordinary pressure in an atmosphere of carbon dioxide and ob- 
tained 4.3 per cent of crude isoprene. Distillation of rubber at higher tempera- 
tures and under atmospheric pressure® yielded as much as 58 per cent of iso- 
prene. In addition to isoprene, dipentene and higher terpene compounds were 
also identified in the distillation products of natural rubber. 

More recently, distillations of pure synthetic polyisoprene (a mixture of cis- 
and trans-polyisoprene), purified natural rubber (cis-polyisoprene), and purified 
gutta hydrocarbon (trans-polyisoprene) were carried out by the present au- 
thors® in a vacuum under conditions of molecular distillation. The volatile 
products were fractionated and analyzed both qualitatively and quantitatively, 
using the mass spectrometer for the lighter fractions. The volatiles consisted 
of about 3 to 4 per cent of isoprene and 13 to 20 per cent of dipentene, the rest 
being large terpene fragments of average molecular weight of about 600 

The present paper describes an investigation of the effects of various addi- 
tions to natural rubber, with or without subsequent vulcanization, on the de- 
gradation process during pyrolysis in a vacuum, with the view that such a study 
might throw some light on the structure of vulcanized rubber. In addition to 
pyrolysis, a study was also made with unvuleanized and vuleanized rubber of 
the rates and activation energies of thermal degradation in a vacuum, using 
techniques and apparatus that were previously developed by the authors in 
connection with an extensive study of thermal degradation of a number of 
polymers’. 

MATERIALS USED 

A good grade of pale crepe natural rubber, containing 0.36 per cent ash, was 
used in the experiments described here. On acetone extraction this rubber lost 
3.7 per cent of its weight. Composition of the various samples employed, 
before vulcanization and acetone extraction, and the treatment which they re- 
ceived are shown in Table I. 
APPARATUS AND EXPERIMENTAL PROCEDURE 

Pyrolysis-—In earlier work on pyrolysis of synthetic polyisoprene® and 
purified natural cis- and trans-polyisoprene’, a Dewar-like molecular still was 

* Reprinted from Ind. Eng. Chem., Vol. 48, No.7, July 1956, pages 1212-1219. This work was supported 
by the Dodeval Facilities Corporation, Office of Synthetu Rubber. Washington, D. C., and the National 
Science Foundation. This paper was presented before the Division of Rubber Chemistry of the American 
Chemical Society at ite meeting in Philadelphia, November 2-4, 1955 
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used. The polymer sample was placed in a tray in the form of a benzene solu- 
tion. After the solvent was evaporated, the sample remained as a thin film 
which made good contact with the tray. The tray was then placed on an 
electric heater in the vacuum apparatus. In the present work some of the 
samples were not completely soluble in any suitable solvent because of vuleani- 
zation and the presence of zine oxide and carbon black, and were used without 
solvents; this made contact between the sample and the heated tray poor. 

For this reason an apparatus of a different design was employed in this work. 
In Figure 1, A is a borosilicate glass tube 4.5 cm. long, 6 mm. inside diameter, 
and closed at one end. This tube fits into a borosilicate glass tube, B, which is 
closed at one end, and attached to the rest of the apparatus by means of a ball 
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Fig. 1.—Apparatus for thermal degradation of rubber 


joint. The apparatus can be evacuated to about 10~° mm. of mercury by means 
of a mechanical pump and a large mercury diffusion pump, not shown in the 
figure, aided by a liquid nitrogen trap, C. 

A sample weighing about 20 to 50 mg. was given a preliminary heating in a 
vacuum at 100° to 150° C in order to remove any volatile material. In most 
cases there was no appreciable loss of weight due to this treatment. The sample 
was then placed in tube A at D’ and the system was evacuated to 10~° to 10~* 
mm. of mercury. A tube furnace wound with Nichrome wire was first pre- 
heated to the temperature required in the experiment and then moved into 
position so that the sample inside tube A was approximately in the center of the 
furnace. The temperature was read by means of a platinum-platinum-rhodium 
thermocouple, D, which was attached to tube B below the sample. The rela- 
tion between the thermocouple reading and the temperature inside tube A was 
checked by determining the melting points of silver nitrate (212° C), potassium 
perchlorate (368° C), and potassium dichromate (398° C), placed in the tube 
at D’. It ordinarily took about 5 minutes before the required temperature 
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was attained. The heating was continued then for 30 minutes, and the fur- 
nace was removed at the end of this period. The temperature was constant to 
within +1° C. 

The following fractions were collected : 


1. Residue, not volatile at the temperature of pyrolysis. 

2. Fraction V,,,, volatile at the temperature of pyrolysis, but not at 25° C. 
3. Fraction V2, volatile at 25° C, but not at --80 °C. 

4. Fraction V_¢0, volatile at —80° C, but not at —190° C. 

5. Fraction V_ jo, volatile at —190° C, 


(In previous work in this laboratory on pyrolysis of polymers", these five 
fractions were designated as fractions I, I], IIIB, IILA, and IV, respectively. ] 

During pyrolysis, stopcock EF was kept closed. The volatiles condensable 
at —190° C remained in the system to the right of this stopcock and were con- 
densed in the liquid nitrogen trap, F. Any part of the volatiles not condensable 
at the temperature of liquid nitrogen was removed from the vacuum system on 
the right of stopeock G by means of a small mercury diffusion pump, //, capable 
of holding a pressure of about 25mm. At the end of pyrolysis, stopcock G was 
closed and the pressure of the noncondensable gas was measured by means of a 
McLeod gage. A sample of this gas was sealed off in tube J at point J, and was 
analyzed in the mass spectrometer. From a previous determination of the 
volume between stopcocks G and E, from the pressure developed in the appara- 
tus during pyrolysis, and from the mass spectrometer analysis of the gaseous 
fraction V_,y0, the total weight of this fraction could be calculated. 

The condensate in trap F was separated into two fractions. Fraction 
V_s0 was collected in a previously weighed tube, k;, by placing dry ice around 
trap F and liquid nitrogen around k;. After 30 minutes the tube was sealed at 
point /;. Fraction Vos was collected next by bringing trap F to room tempera- 
ture, placing liquid nitrogen around the weighed tube, ke, for 60 minutes, and 
then sealing off this tube at /, as in the case of tube k;. Tubes k, and ke were 
weighed to an accuracy within 0.02 mg., and their contents were tien analyzed 
in the mass spectrometer. 

Aside from the fact that the new design of pyrolysis apparatus employed in 
this investigation made it unnecessary to dissolve the sample, it also improved 
the method of collecting fractions V_¢o and Vos, compared with the Dewar-like 
molecular still used previously®. The introduction of trap F made the collec- 
tion of combined fractions V_¢9 and Vos and their subsequent separation more 
efficient and complete. 

Fraction Vpy-, volatile at the temperature of pyrolysis but not at room tem- 
perature, condensed inside tube B at f, between the end of the furnace and a 
barrier in the tube near the ground joint. It was collected by dissolving it in 
benzene. The solution was then evaporated in a weighed platinum crucible 
and the residue weighed. However, determination of the weight of fraction 
Vpyr Was made only in a few experiments. In most cases its weight was deter- 
mined by subtracting the sum of the weights of fractions V_,90, V_«o, and Vos 
from the total loss sustained by the sample. 

Preliminary experiments showed that complete pyrolysis could be obtained 
in this apparatus in 30 minutes at about 390°C. All the pyrolysis experiments 
were, therefore, carried out at about this temperature. In experiments with 
samples not containing carbon black, the residues were dark brown and glass- 
like. In the case of samples that contained carbon black, the residues were 
black and porous. 
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The residues were weighed on a semimicrobalance, and those from samples 
that contained zinc oxide and carbon black were flamed in a porcelain crucible 
in air with a Meker burner. A white material remained, which weighed slightly 
more than the zine oxide in the original sample because of the ash content of the 
rubber, the carbon black, and the other ingredients. 

The gaseous fraction, V—:90, was in all cases less than 0.1 per cent by weight 
of the original sample. Mass spectrometer analysis showed it to consist of 
carbon monoxide. 


TasLe II 


FRACTIONS OBTAINED BY PyroLysis or RUBBER 


Tem- Recovered (%)* 

Sample ment perature 

no no. (° ©) 4 Vis Residue 
a 396 4.4 16.5 1.8 

b 400 4. 16.6 

16.5 

378 6 17.4 

392 4 16.6 

406 : 20.0 

18.3 

387 3. 9.5 

390 4. 10.3 

390 4. 12.3 

11.5 

390 3. 10.2 

390 3.6 10.6 

389 J 95 

390 of 6.5 

392 


— 


& 


385 
390 


10 390 
1] 390 


*In percentage of original weight of specimen 
* Results of 2, a, not included in average values because of low pyrolysis temperature 


Rates.-—The apparatus and experimental procedure employed in this phase 
of the work have been described previously". Briefly, this apparatus consists 
of a vacuum system with an enclosed, sensitive, tungsten-spring balance. A 
5- to 6-mg. sample in a small platinum crucible is suspended from the spring and 
the loss of weight of the sample during pyrolysis is noted at various time inter- 
vals by observing the change of position of a crossline on an extension of the 
spring. 

The rates of volatilization for any particular rubber sample were studied at 
several temperatures. Cumulative loss of weight and also the logarithm of 
residue weight at any time, t, were plotted separately vs. time for each tempera- 
ture. If the reaction rates are of first order, then the plots of logarithm of 
residue weight vs. time would be straight lines whose slopes represent the rate 
constants. In the case of rubber the reaction was found not to be of first order. 


By 
differ- 
ence 
Voye, 
76.8 
77.4 
77.1 
77.5 
76.9 
73.1 
75.0 
77.9 
77.7 
75.4 
76.6 
78.1 
78.0 
54.4 
57.6 
58.6 
Av. 2.2 79 56.8 
a a 2.1 7.1 56.4 ; 
3.6 7.5 $2.3 56.6 
Av. 2.9 7.2 33.3 56.5 
3.9 11.5 34.0 50.6 
4.0 14.3 8.1 73.6 
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COMPOSITION OF ResIDUES 


Components in residue (%)* 


Carbonized 
Sample Zine Carbon rubber 
no % black 


Oo 


27.5 
26.2 
27.6 


“IS 


Av. for samples 1 and 2 
Av. for samples 3 to 11 


*In percentage of original weight of specimen. 
* Data from Table II. 


However, when the rates of volatilization in percentage of residues at any given 
time, t, are plotted against percentage volatilization, the plots are straight lines 
for lower amounts of volatilization, and in some cases up to about 40 per cent 
volatilization. The intercepts of these lines represent the apparent initial 
rates. 

To obtain the activation energies, the logarithms to the base 10 of the 
initial rates for various temperatures were plotted against the inverse of ab- 
solute temperatures. The slopes of the straight lines thus obtained, multiplied 
by 2.303 * R (where R is the gas constant, 1.99), represent the activation 
energies. 

RESULTS OF PYROLYSIS STUDIES 

Results of the pyrolysis experiments are shown in Table II. The fractions 

are expressed in percentage of the weights of the samples. Fraction V_—:90 was 


omitted from the material balance because of its small weight—less than 0.1 
per cent of the weight of the sample. 


Tasie IV 


DisrRipuTION or VOLATILE FrRactTIONS AS FUNCTION 
or Sutrur CONTENT OF SAMPLES 


Total Fractions (%) 
Sample combined 
sulfur 


* Sulfur added in form of benzothiazoly! disulfide. 
* Sulfur added partly as free sulfur and partly in form of benzothiazoly! disulfide. 


La 

2 1.6 1.6 
3 4.0 

4 2.9 

5 3.2 
: 6 3.1 

7 | 2.2 

3.9 

10 3.0 

3.4 

3.2 

Vas 

l 0 78.4 16.8 

2 0 76.3 18.6 
10 0 76.8 17.4 

11 0.6" 80.0 15.6 

4 1.0 83.2 12.2 

3 2.2 85.5 10.4 

5 2.4 84.8 11.1 

6 2.4 84.6 11.5 

7 3.2 85.0 | 11.8 

8 5.1° 84.7 11.0 
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Compositions of the residues are shown in Table III. The percentages of 
zinc oxide and carbon black are calculated from the original composition as 
given in Table I, taking into consideration the acetone-extracted portions. It 
can be seen that the residues fall into three groups. In the case of rubber sam- 
ples | and 2, which did not contain zine oxide, the residues are due to the ash 
content in the rubber and to a small amount of carbonization of the rubber 
during pyrolysis. In samples 3, 4, 5, 6, and 11, zine oxide is the additional com- 
ponent of the residue; in samples 7, 8, and 10, zine oxide and carbon black are 
the additional components. In samples | and 2, consisting of raw and acetone- 
extracted rubber, respectively, without additives, the amount of carbonized 
rubber plus ash is considerably less than it is in the other samples. Evidently 
more of the rubber becomes carbonized in the presence of zinc oxide. 

Because the composition of the samples varies considerably, one can obtain 
a better picture of the distribution of the volatile fractions, Vpyr, V—s0, and Vos, 
if they are represented in percentage of the total volatilized part of the samples. 


TABLE V 
Mass SPECTROMETER ANALYSIS OF FRACTION 


Average values for experiments (Wt. %) 


Components 1 2 3 4 5 6 7 s 10 11 
Heptenes - - - 0.07 0.03 0.01 0.01 
Hexenes 0.01 0.02 0.05 0.02 0.06 0.06 0.03 0.02 
Hexadienes 0.02 0.35 0.13 0.19 0.25 0.39 0.37 0.09 
Pentenes 0.20 0.23 0.09 0.10 0.44 0.28 0.41 0.36 0.53 0.20 
Isoprene 4.56 4.82 3.93 4.07 3.20 2.97 2.02 3.04 4.62 3.89 
Butenes — 001 0.05 0.05 0.07 0.07 0.06 O11 0.06 0.05 
Butadienes 0.04 0.04 0.02 0.01 
Ethane 0.15 
Ethylene 0.03 
Unidentified hydro- 

carbons, Cy, Ce, Cy 0.16 0.14 
Me-mercaptan Trace 0.03 Trace 
Hydrogen sulfide 0 Trace 0.21 0.30 0.34 0.15 

Total 48 51 4.1 46 4.1 3.9 3.2 4.3 5.8 4.4 


* All percentages expressed in terms of total volatilized part of specimen 


The nonrubber volatilizable components—-natural resins, fat acids, proteins, 
sulfur, benzothiazoly! disulfide, phenyl-2-naphthylamine, and stearic acid 
add up to a few per cent of the total volatile or volatilizable material. These 
components, not being volatile at room temperature, appear as part of fraction 
V,y:- Distribution of the three fractions calculated on this basis is shown in 
Table IV, which also shows that the amount of fraction Vos falls off sharply 
(from about 18 to about 11 per cent) when sulfur is added to the sample. 

Fractions V_¢o and Vo, were analyzed in the mass spectrometer. Results of 
the analysis of fraction V_s0 are shown in weight per cent in Table V. Values 
for samples 1, 2, 4, 7, and & are averages of duplicate analyses and those for 3, 5, 
6, 10, and 11 are single analyses. Fraction V_49 was separated from the other 
volatiles at —80° C. Because the components given in Table V have vapor 
pressures of 1 mm. in the temperature range from —36° to —160° C, it was 
found that 30 minutes was a sufficient time for their complete separation, using 
liquid nitrogen for their condensation. 

Fraction V2, was removed from trap F at room temperature after fraction 
V_so had been removed. One hour was sufficient for a complete collection of 
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Taste VI 
Sutrun BALANCcE* 
Sulfur after Sulfur recovery (%) 
vulcanization 
Ram ple and acetone 
no extraction (%) j Resid uc 
3 2.2 
4 1.0 Trace 0.30 
5 2.4 
6 2.4 ‘ 0.51 
7 3.2 
2.4 - 


« All values are expressed in percentage of total volatilized part of specimen 


V25, using liquid nitrogen for its condensation. Mass spectrometer analysis 
showed that this fraction consisted of a mixture of terpenes, such as dipentene 
and its isomers, of the general formula CyoHy,, 1.e., dimers of isoprene. 

Fraction V,y, consists of the residual volatiles after fractions V_¢9 and Vo, 
have been removed, This fraction, judging from the work on pyrolysis of syn- 
thetic polyisoprene and of cis- and trans-polyisoprene™, has an average molecu- 
lar weight of about 600. Fraction V,,y, from rubber sample | was vaporized 
directly into the ionization chamber of a Nier-type mass spectrometer so that 
high molecular masses could be scanned. Mass spectra were recorded at 
several temperatures. The larger peaks in these spectra correspond to mass of 
the formula C5,H¢,—;, i-e., of ions of multiples of the isoprene monomer, where 
n varies from 2 to 16. Although the relative abundance of the various ions at 


Tasie VII 
RATES OF VOLATILIZATION 


Apparent Activa- 

Duration Total initial rate tion 
Tem- of experi volatil of volatil- energy 

Sample perature ment ized ization (keal./ 
no C) min.) ‘ (%/min.) mole) 
2 305 380 0.120 
310 300 0.180 
315 290 j 0.285 
$20 400 0.412 


58 


310 210 5: 0.455 
315 180 0.700 


310 240 dA 0.275 
315 230 j 0.416 
320 200 73 0.630 


SLO 280) 0.240 
315 220 i 0.385 
320 150 df 0.606 


310 200) 0.255 
315 260 0.430 
320 200 0.655 
325 140 : 1.070 


305 540 0.210 
310 240 5s 0.340 
315 220 0.540 


* Apparent initial rate at 325° C could not be obtained by extrapolation (see Figure 3) 
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any given temperature was thus obtained, no quantitative conclusions as to the 
actual amounts of the various molecular species could be drawn because of lack 
of spectra of the individual fragments in the literature. A more detailed de-. 
scription of the analysis is given by Bradt and Mohler”. 

No attempt was made to analyze fraction V,y, from compounded vulcanized 
or unvulcanized rubbers in the mass spectrometer, because it would not be 
possible to interpret the complicated spectra. This fraction, in addition to 
fragments found in fractions V,,y, from uncompounded rubber, includes some of 
the organic additives. 
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Fic. 2.-~Thermal degradation of unvuleanized acetone-extracted rubber sample 2 


Infrared analysis of rubber sample 1 was made, using a sodium chloride 
prism, in the 2- to 15-micron region on thin films cast from benzene solution. 
Similar analysis was made of fraction V,,, from rubber sample 1. The two 
spectra are similar in the main features. Some dissimilarities of detail may be 
due to the increased number of ends in fraction V,,, compared with the original 
rubber, or, perhaps, to different types of ends produced by pyrolysis. These 
results are in agreement with the mass spectrometric analysis, indicating that 
fraction V,,, consists mainly of fragments of the original rubber. 

Sulfur in the vulcanized acetone-extracted samples, as well as in fractions 
Vyyr and the residues, was determined by chemical analysis. Sulfur in fraction 


20 0.4 
10 0.2 

19) 
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V_«o, in the form of hydrogen sulfide, was determined in the mass spectrometer. 
A sulfur material balance is shown in Table VI. 

Sulfur appeared as hydrogen sulfide in fraction V_¢o to the extent of about 
10 per cent of the total sulfur content of the sample. Most of the rest appeared 
in fraction V,,, and in the residue. A complete material balance is shown only 
for rubber samples 4 and 6, In these cases the sulfur recovery was 93 and 92 
per cent, respectively. In fraction V,,, sulfur appears most likely in combined 
form as part of the rubber chain fragments. In the residue it could be in the 
form of zinc sulfide or as sulfides of metals found in the ash. In the case of 
samples 4 and 6, a complete conversion from oxide to sulfide would require 
about 2.0 per cent sulfur in terms of the rubber content. Actually the residues 
from samples 4 and 6 contained only 0.3 and 0.5 per cent sulfur, respectively, 
so that most of the zinc apparently remained as oxide. 
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Fic. 3.—Rates of volatilization of unvulcanized acetone-extracted rubber sample 2. 


RESULTS OF RATE STUDIES 


Experimental conditions and summary results of measurements of rates of 
thermal! degradation of six unvulcanized and vulcanized rubbers are shown in 
Table VII. Details of the rate studies are shown plotted in two sets of curves. 
In one set, Figures 2, 4, 6,8, 10, and 12, the results are plotted in terms of cumu- 
lative percentage volatilized vs. time, and also as logy of residue vs. time. In 
the other set of curves, Figures 3, 5, 7, 9, 11, and 13, the rates in per cent of 
residues are plotted against percentage volatilization. The first set of figures 
shows in all cases several per cent volatilization at zero time. This is due to the 
fact that when the hot furnace is brought into position to heat the sample, some 
of the material vaporizes during the 15 minutes or so required to reach the tem- 
perature of the experiment. The zero time for rate observation was counted 
from the time this temperature was reached. 

Results for unvulcanized acetone-extracted rubber sample 2 are shown in 
Figures 2 and 3. The curved interrupted lines at the top of Figure 2 indicate 


320° 
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that the reaction is not first order. The rates, as shown in Figure 3, are at first 
low. This is characteristic of most polymers except when they contain a certain 
amount of low molecular weight chains” or degradation accelerators such as 
benzoyl peroxide’. Beyond about 5 to 10 per cent volatilization, all the rate 
curves, except that at 325° C, rise in straight lines to about 42 per cent volatili- 
zation. Beyond this point the rates drop gradually. Extrapolation of the 
straight portions of the curves to the ordinate gives the apparent initial rates of 
volatilization shown in Table VII. No rate studies were made of nonacetone- 
extracted rubber (sample 1), because samples 1 and 2 gave similar results on 
pyrolysis, as shown in Tables II to V. 


Vuleanized Rubber Sample 3 


T 


“O~ 310° 


g 
: 
3 


50 100 250 
TIME FROM START OF EXPERIMENT, MINUTES 


Fie, 4.—Thermal degradation. 


Figures 4 and 5 pertain to rubber sample 3, which contained sulfur and zine 
oxide. This rubber was vulcanized at a higher temperature and for a longer 
period of time than the other vulcanizates. Judging from the high initial rates 
of volatilization in Figure 4, the rubber has undergone considerable degradation 
during the vulcanization process; this results in low molecular weight polymer 
fragments. After these low molecular weight fragments have vaporized, the 
rate curves generally follow the same pattern as in the case of pure rubber, 
except that the breaks occur at a lower percentage volatilization. In Figure 4, 
the plots of logio of residue vs. time are curved lines similar to those for pure 
rubber. ‘This is also true for all the other rubber samples in this investigation. 

Results of rate studies on vulcanized samples 4, 5, 6, and 9, containing vari- 
ous ingredients, are shown in Figures 6 to 13, inclusive. The volatilization and 
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Vulcanized rubber sample 3 
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Fia. 5.—Rates of volatilization. 


Vuleanized rubber sample 4 
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Fic. 6.—~Thermal degradation 
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Vuleanized rubber sample 4 
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Fig. 7.—Rates of volatilization 


Vulcanized rubber sample 5 


w 
E > 
a | a 
320 ¢ aa? a 
5 
a 310° 2 
« 
40} —+ 
6 
w 
ad 
a 


l 
50 100 150 200 250 
TIME FROM START OF EXPERIMENT, MINUTES 


Fig. 8.~-Thermal degradation 
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Vuleanized rubber sample 5 
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Fig. 9.—Rates of volatilization. 


Vuleanized rubber sample 6 
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10.—Thermal degradation. 
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Vuleanized rubber sample 6 
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Fig. 11.—Rates of volatilization. 


Vulcanized rubber sample 9 
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Fig. 12.——-Thermal degradation. 
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Vulcanized rubber sample 9 
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13.—Rates of volatilization. 


rate curves are all similar to those for unvuleanized rubber, except that the 
imaxima on the rate curves appear at lower percentages of volatilization. Table 
VIII gives positions of the maxima. 

The extrapolated apparent initial rates for all these samples are shown in 
Table VII. A comparison of initial rates of 310° and 315° C shows that the 
rates are considerably higher for sample 3, which had undergone a drastic vul- 
canization at a higher temperature and for a longer period of time than the other 
vuleanizates. The rates at these two temperatures for all the other vulcani- 
sates, though lower than for sample 3, are still higher by about 55 per cent than 
for unvulcanized rubber, sample 2. 

In order to determine the effect of milling on the rate of thermal! degradation 
of rubber, the same pale crepe rubber was milled for 3 to 4 minutes at room tem- 
perature and then acetone-extracted. A specimen of this material was heated 
in the pyrolysis apparatus at 390° C for 30 minutes. The following fractions 
were obtained: 


Residue 


\ pyr 7 3 
V> 17.8 


4.9 


These results are similar to those obtained for unmilled acetone-extracted 
pale crepe, sample 2, a, b, and c, Table II. Specimens were also pyrolyzed in 


Tasie VIII 
Maxima oN Rate Curves 
(Comparisons made on basis of 310° and 315° C rate curves) 


Volatilization 
Sample Vuleaniza range of maxima 


no tion (%) 


2 No 42 to 43 
3 Yes 24 to 33 
4 Yes 25 to 26 
5 Yes 26 to 28 
a] Yes 20 to 30 
9 Yes 18 to 24 
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the rate apparatus at 310° and 315° C. The rate curves, in percentage of 


residue per minute, and the apparent initial rates of volatilization were almost 
the same as those for corresponding temperatures in the case of rubber sample 
2, shown in Figure 3 and Table VII. However, the rates up to about 7 to 8 
per cent loss of weight were higher in the case of the milled rubber, due un- 
doubtedly to some degradation of the rubber caused by the milling. 

The activation energy curves for the thermal degradation of six of the 
rubber samples are shown in Figure 14, and the calculated values are shown in 
the last column of Table VII. On checking the activation energies with the 
composition of the rubber samples in Table I, one is inclined to ascribe the 
higher activation energies to the presence of the accelerator. 


TEMPERATURE, °C 
315 


LOGio OF INITIAL RATE 


i L 
1.69 1.70 
10° 


Activation energies of thermal degradation Numbers in brackets 
indicate sample numbers 


DISCUSSION 


The results of this investigation indicate that vulcanized rubbers yield 
smaller amounts of monomer and dimer on pyrolysis than nonvulcanized rubber. 
Vulcanization decreased monomer yield by about 25 per cent, but decreased 
dimer yield about 56 per cent, on the average. The effect was the same 
whether the recipes contained, in addition to sulfur, only zine oxide or zine 
oxide and one or all of the other ingredients: accelerator, stearic acid, phenyl-2- 
naphthylamine, and carbon black. The accelerator, which contains 38.5 per 
cent sulfur, seems to have an effect on the monomer-dimer yield similar to that 
of added elemental sulfur, as is shown in the case of sample 11 (Table IV). In 
sample 4, which contained 0.9 per cent added elemental sulfur and no accelera- 
tor, the effect is smaller than in the other samples where the amount of sulfur 
varied from 2.1 to 3.2 per cent and that of the accelerator from 0 to 0.6 per cent. 
The only exception is sample 3, for which the effect with respect to dimer yield 
is more pronounced than in samples 5, 6,7, and 8 (Table IV). However, this 
could be due to a longer period of vulcanization at a higher temperature. Zin 
oxide and carbon black did not seem to affect the monomer-dimer yield, as 
shown by sample 10. Acetone extraction did not result in any significant 
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difference in the behavior of the rubber on pyrolysis. Sample 8 became vul- 
canized during pyrolysis and behaved like the other vulcanized samples. 

In view of the fact that ethylenic double bonds in the polymer chain are re- 
quired for vulcanization by sulfur, it can be assumed that sulfur attaches itself 
to the polymer at the double bond sites. This attachment can be of two types: 
(1) without crosslinking, where an atom of sulfur is held on to one polymer 
chain; and (2) with crosslinking, where an atom of sulfur is held on to two 
polymer chains. 

In the authors’ viewpoint, pyrolysis of rubber proceeds as follows. A 
thermal break occurs in the chain at some bond which is in B-position to two 
double bonds—for example, at point a: 


H HCH, H!H HCH, H/H HCH, H:H 
C= 
Hi Hi Hit 


c b a b 


This break results in the formation of two free radicals. The free radical 
ends then proceed to break, by an unzipping process, at points b to give mono- 
mers (fraction V_¢0), or at point c to give dimers (fraction V5). This unzipping 
process proceeds until the free radical becomes saturated by abstracting a hydro- 
gen from its own or from another chain, or by combining with another free 
radical (disproportionation). This is true whether the rubber is vulcanized or 
not. The presence of sulfur at the double-bond sites in vulcanized rubber 
should serve as an additional factor in terminating the formation of monomer or 
dimer, because in a diene-type polymer the double bond is necessary for the 
propagation of the unzipping chain reaction. The results would be the same, 
whether a crosslinked or noncrosslinked structure is assumed. Vulcanization 
should then result in a decrease during pyrolysis of fractions V_g0 and Vos and a 
corresponding increase of fraction Vpyr, which is in agreement with the experi- 
mental results. 

Formation and volatilization of large fragments, fraction V,,,, takes place 
when an unzipping chain is reduced to a size vaporizable at the temperature of 
pyrolysis, or when a break occurs in the chain near enough to its end so that the 
fragment thus formed is of a vaporizable size. The presence of 2 per cent com- 
bined sulfur is equivalent to about | sulfur atom per 23 structural units in the 
polymer chain. On the other hand, a fragment of fraction Vpy-, of an average 
molecular weight of about 600, contains approximately 9 structural units. 
Since the total amount of V,y, from vulcanized rubber is close to 85 per cent, 
about one fragment in every two will have a sulfur atom attached to it. If it is 
assumed that some of the sulfur forms crosslinkages between polymer chains, 
then the rate of vaporization of V,yr should be lower for vulcanized rubber 
compared with unvulcanized. It was found experimentally that the over-all 
rate of rubber volatilization is faster for vulcanized than for unvulcanized rub- 
ber. Therefore, it is concluded that the crosslinkages produced in rubber by 
sulfur vulcanization, although effective at lower temperatures, break easily and 
become ineffective at the temperature of pyrolysis. 

Aside from the difference in the yields of fractions V_s0, Vos, and Vpyr, and 
in the rates of volatilization, vulcanized rubber does not differ much in its be- 
havior on pyrolysis from unvulcanized rubber. Consideration of the shape of 
the rate curves shows that the rate, when expressed in percentage of residue at 
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any given time, increases gradually until a maximum is reached. This increase 
is due to the progressive decrease of the chain length, and therefore, in the in- 
crease of the number of chain ends which tend to depolymerize into monomer, 
dimer, and fraction Vyyr. 

Another reaction which takes place during pyrolysis is the formation of cross- 
linkages between various chains or parts of the same chain at their double bond 
sites not occupied by sulfur. These crosslinkages limit the formation and vola- 
tilization of the various fragments so that the rate of volatilization begins to 
drop. This is indicated by the maxima in the rate curves, beyond which the 
rates drop rapidly. These maxima are approached in the case of the vulcanized 
rubber samples at a lower percentage volatilization than in the case of the un- 
vulcanized samples, as shown in Table VIII. This can be explained by the fact 
that in vulcanized rubber some of the double bonds have already been saturated 
with sulfur, and they approach complete saturation sooner than in the unvul- 
canized samples. 

The conclusions given here with regard to the structure of vulcanized rub- 
bers are based on experimental work carried out at temperatures far above 
those employed in measurements of tensile stress, swelling, and other physical 
properties. Although the lower temperature studies indicate some sort of cross- 
linked structure in vulcanized rubber, it is likely that the crosslinking bonds 
break easily at the temperatures of pyrolysis, thus rendering the crosslinks 
ineffective at these higher temperatures. 
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POSTIRRADIATION OXIDATION IN RUBBER 
AND PLASTICS * 


W. C. Sears ann W. W. PARKINSON, JR. 


Oak Rivar Nationa, Laponatrony, Oax Kivoe, Texnesser 


Although it is well known that rubber and plastics are degraded in physical 
properties by nuclear irradiation’, the mechanism whereby this damage is 
produced is still under investigation?*. In this study, polystyrene, polyethyl- 
ene, polybutadiene, GR-S, natural rubber. deproteinized natural rubber, poly- 
methyl methaerylate, polyvinylchloride, and Teflon have been irradiated to 
observe effects in their infrared spectra. These irradiations have ben carried 
out in vacuum and oxygen atmospheres. Dosages‘ of the order of 10* to 10 
rads are required in most polymers to produce significant changes in their 
infrared spectra 

A postirradiation effect is observed in the spectrum of polystyrene in 
Figure | after a dosage of roughly 10" rads. During exposure to air following 
radiation in vacuum, oxidation products continue to form in irradiated poly- 
styrene at least up to 23 days. The O—H band at 3400 em.~' and the C=O 
band at 1700 em.~! increase greatly in intensity during air exposure, After 
irradiation and a two week “cooling” period, both in an evacuated capsule, 
the irradiated polystyrene was kept in a helium atmosphere during spectral 
measurement to prevent oxidation. The oxidation mechanism in polystyrene 
could be either through reaction of molecular oxygen with unsaturated com- 
pounds formed during irradiation or through combination with long-lived free 
radicals, 

From the standpoint of change in physical properties and hydrogen evolu- 
tion during irradiation®, polystyrene is one of the moxt stable of all high poly- 
mers. It has been suggested that its stability may be due in part to the stabil- 
ity of the benzene ring. However, from these spectra it is apparent that both 
the aromatic and aliphatie parts of the polystyrene molecule are ruptured by 
irradiation. For example, all the bands associated with the benzene ring at 
4060, 3026, 1946, 1868, 1802. 1743. 1603, 1495, 1028, 756, and 698 em.~! show 
4 marked decrease in intensity. Likewise. the aliphatic bands at 2924, 2850. 
and 1450 em.~ lose strength 

Irradiation of all polymers evidently forms many new chemical compounds 
whose spectra overlap and tend to obscure the bands characteristic of individual 
molecules. This overlapping of bands is observed especially between S00 and 
1400 em.~' in the oxidized spectra 

After irradiation polyethylene’, natural rubber, polybutadiene, and GR-S 
show significant changes in the double bond region. In GR-S and polybuta- 
diene the number of terminal vinyl groups is decreased, and in GR-S and natural 
rubber unsaturation in the hydrocarbon chain is dec reased, A relatively small 
postirradiation oxidation effect is observed with polyvinyl chloride, polybuta- 
diene, polyethylene, and GR-S, but in deproteinized natural rubber it was 
fully as pronounced as in polystyrene. 


* Reprinted from the Journal of Polymer Science, Vol 21, Issue 98, pages 325 and 326 (1956) 
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Fig. 1.--The infrared spectrum of polystyrene after irradiatic 


Work is continuing on the analysis of the concentration of oxygen and 
carbon double bonds in the polymers. 
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DUAL INHIBITION-ACCELERATION ROLE OF CARBON 
BLACK IN RUBBER OXIDATION * 


F. Lyon, K. A. Burcess, C. W. Sweitzer 


Canpon Co., New York, N. Y. 


The importance of minimizing oxidation reactions in prolonging the useful 
life of rubber products is well known. The role of oxidation in the complex 
problem of tire wear is less well understood, but a number of investigations’ 
have indicated that a connection seems to exist between wear and oxidation. 
The factors which govern the influence of carbon black on rubber oxidation 
reactions, inhibiting as well as accelerating, are examined here, and their sig- 
nificance is discussed, 


EXPERIMENTAL PROCEDURE 
OXYGEN ABSORPTION 


Oxygen absorption was measured volumetrically at constant temperature 
and pressure. The equipment and procedure have been previously described 
in detail’. 


PHYSICAL PROPERTIES OF UNVULCANIZED GR-8 FILMS 


Pure gum and carbon-rubber films, 0.0035 to 0.0055 inch thick, were pre- 
pared by evaporating rubber-benzene cements on mercury; the concentration 
of the rubber cement was 2 grams of rubber per 100 ml. The carbon black had 
been previously colloidally dispersed in the rubber cement by tumbling the 
mixture for 16 hours. The undispersed carbon settled out on standing and the 
upper portion of the sample, diluted with rubber solution so that the final carbon 
loading was 10 parts of carbon per 100 parts of rubber (p.h.r.), was used in these 
studies. T-50 samples were died from the cast films and elongation was re- 
corded with time under a 2-gram load. 


BENZOYL PEROXIDE GELATION 


The modified dry adsorption method, previously described in detail’, was 
employed. Benzoy! peroxide was added to the rubber-carbon cement before 
the solvent was evaporated. The dried films were heated under nitrogen at 
130° C for the required time intervals. Following the heating period, the 
flasks were cooled and 100 ml. of benzene was pipetted into each flask. The 
flasks were allowed to remain for 24 hours at room temperature, after which the 
gel content was determined gravimetrically. 


* Reprinted from Industrial and Engineering Chemistry, Vol. 48, No. 9, pages 1544-1546, September 
1056 “he paper is also published as a reprint of Columbian Colloidal Carbona, Vol. 14, No. 2, pages 3-14. 
It was presented at the meeting of the Division of Rubber Chemistry of the American Chemical Society in 
Philadelphia, Pennsylvania, November 2 to 4, 1955. 
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EXPERIMENTAL 
DUAL OXIDATION ROLE OF CARBON BLACK 


For a number of years it has been apparent that carbon black can act as an 


inhibitor as well as an accelerator of rubber oxidation. On the one hand work : 
Recires roR VULCANIZED Srocks 
Sulfur cure 
Parts by weight 
GR-S 1500 100.0 
Bardol 5.0 
Fat acid 1.5 
Zine oxide 5.0 
Sulfur 2.0 
Santocure 12 
Carbon black Variable 
Cures at 298° F 
Cumy] peroxide cure 
Parts by weight 
GR-S 1500 100 
Di-Cup* (40% cumyl peroxide) 3.1 
Carbon black Variable 
Cures at 290° F 
* Trade name of Hercules Powder Co. 
in this laboratory showed that carbon black is a strong inhibitor of unvulcanized 
cold rubber oxidation’. On the other hand several investigators have demon- 
strated that carbon black accelerates the oxidation of rubber vuleanizates®. : 
This reported acceleration effect in sulfur vulcanizates has also been observed = 
in recent investigations in this laboratory. Temperatures up to 140° C were : 
explored and carbon black was found to accelerate oxidation of sulfur vulcan- 
izates over the complete temperature range. The accelerating effect of 50 parts 
All Stocks Heated in Oxygen at 140°C. 
‘ 
50 phr EPC 
° 
fo) 
WwW 
240r lO phr EPC 
Control 
< No Carbon 
Z20 
z 5 10 15 20 25 30 


TIME OF HEATING - hours 


Fie, 1.—Effect of carbon black on oxidation of vuleanized 41° F GR-S 
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of EPC carbon black per 100 parts of rubber on the oxidation of sulfur vulcan- 
izates at 140° C is shown in Figure 1. 

This dual behavior of carbon black is not limited to rubber oxidative sys- 
tems. Recently this laboratory presented data which showed that carbon black 
can act as a strong inhibitor as well as an ultra-accelerator for the cure of un- 
saturated polyester resins®, In the relatively simple polyester system it was 
clear that the dual behavior of carbon black was due to compounding changes. 
The effect of recipe and ¢ ompounding changes on the oxidation of rubber-carbon 
black systems was therefore, investigated next. 


FACTORS INVOLVED IN THE DUAL OXIDATIVE BEHAVIOR 


Cumyl peroxide vulcanizates.—Since excellent carbon black vulcanizates can 
be prepared with cumy! peroxide as the curative’, this was the first nonsulfur 
system studied. } The effect of carbon black loading on the oxygen absorption 


All Stocks Heated in Oxygen at 140°C. 


60r 
Control 
60; No Corbon 
2phr EPC 


ML. OXYGEN ABSORBED / GRAM GR-S 


| 2 3 
TIME OF HEATING - hours 


Fig. 2.—Eiffect of carbon black on oxidation of cumyl peroxide GR-S8 vuleanizates. 


of cumyl peroxide-GR-S vuleanizates is presented in Figure 2. The strong 
inhibiting action of carbon black in cumy] peroxide vulcanizates strongly re- 
sembles the unvuleanized cold-rubber series previously discussed, in which the 
stocks became more resistant to oxidation with increasing carbon black loading. 
jncreasing cure time, from the optimum of 40 minutes to 100-minute overcures, 
did not significantly change the inhibiting characteristics of carbon black in 
these stocks. Highly reinforcing ISAF carbon blacks exhibited similar anti- 
oxidant properties in cumyl peroxide vulcanizates. 


The inhibiting effect of carbon black on the oxidation of cumy! peroxide vul- 
cunizates suggests that the accelerating action of carbon black in sulfur vulean- 
izates is associated with the compounding recipe employed. It should be em- 
phasized, however, that the cumyl peroxide gum vulcanizate oxidized much 
more rapidly than the sulfur gum vulcanizate, while the carbon black-loaded 
cumyl stock oxidized at a slightly slower rate than the carbon black-sulfur 
vuleanizate. Differences in the rate of oxidation of the gum vulcanizates are, 


|_| 
= 5 phr 
25phr 
50 phr 
4 = 
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All Stocks Heated in Oxygen at 140°C. 

© 80} 

= 

Control 

60}- No Carbon 

50phr EPC 

40r 

@ 

< 

z 

20} 

> 

x 

i i i i i 
> ' 2 3 4 5 6 


TIME OF HEATING - hours 


lia. 3.—Effect of carbon black on oxidation of acetone-extracted GR-S vulcanizates 


therefore, responsible for carbon black's being classified as an inhibitor or as an 
accelerator. One reason for the excellent aging properties reported for cumy| 
peroxide vuleanizates may be associated with the strong inhibiting action of 
carbon black. 

Acetone-extracted sulfur vulcanizates.-A similar reversal in the effect of 
carbon black on the oxidation of sulfur vulcanizates can be demonstrated by 
oxidizing acetone-extracted vulcanizates. Sulfur vulcanizates were extracted 
in acetone for 24 hours at 25° C, followed by another 24-hour extraction with 
fresh acetone; these stocks were dried under vacuum for 3 days and stored under 
nitrogen until tested. The oxygen absorption data in Figure 3 shows that 
carbon black inhibited the oxidation of acetone-extracted sulfur vulcanizates. 


All Films Heated | Hour at 130°C. in Nitrogen 
60F Benzoyl! Peroxide 
50} 
% 
aol 2.4 
30} 
> 1.5% 
i iL 


10 20 30 40 50 60 
CARBON LOADING - phr 


Fie. 4.--41° F GR-S. Effect of carbon on benzoy! peroxide gelation 
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All Films Heated | Hour at 130°C. in Nitrogen 


~ 


2. 4°% Benzoy! Peroxide 


*/o RUBBER INSOLUBILIZED 
8 8 8 


i 


1 
10 20 40 50 60 
CARBON LOADING - phr 


Kia. 5.--Acetone extracted 41° F GR-S. Effect of carbon black on aging of 
unvuleanized 41° F 


The change in classification of carbon black from an accelerator in the unex- 
tracted vulcanizate to an inhibitor in the acetone-extracted stocks is once again 
primarily due to the fact that the extraction accelerated the subsequent oxida- 
tion of the gum vulcanizate considerably more than the carbon black vulcani- 

Benzoyl peroxide gelation.—-A third interesting example of the dual behavior 
of carbon black is the gelation of cold rubber films with benzoyl peroxide. 
Carbon black normally acts to accelerate and promote gelation of cold rubber as 
shown in Figure 4. But when acetone-extracted rubber is employed, carbon 
black represses gelation as indicated in Figure 5. 


8 


No Carbon 
Aged 20 hr. 


EPC 
Aged 20 br. 


Jp ELONGATION 
8 


10 phr EPC 
Aged 


No Carbon 
Aged 100 br. 


L L — iL i 
3 5 6 7 8 
TIME ~ minutes 


Fic. 6.—Films aged in air at 25° C; 2-gram load. 
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PHYSICAL PROPERTIES OF AGED UNVULCANIZED COLD 
RUBBER FILMS 


The inhibiting action of carbon black on the oxidation of unvuleanized cold 
rubber has been previously studied by means of oxygen absorption, gelation, 
and intrinsic viscosity measurements. Data in these studies indicated that 
oxidative scission predominated when cold rubber films were heated in air at 
130° C; but when carbon-rubber films were heated under identical conditions, 
the intrinsic viscosity of the soluble fraction remained unchanged and the 
amount of rubber insolubilized by the carbon increased. It was suggested that 
the carbon acts as an inhibitor of the oxidation reactions by reacting with the 
free radicals and intermediates through which the oxidation reactions proceed. 
Such interaction should result in a marked difference between the physical 
properties of gum and carbon-rubber films which have been aged or heat treated. 


No Carbon 
Heat treated 


% ELONGATION 


10 phr EPC 
Control 


No Carbon 
Control 


10 phr EPC 
heat treated 
L i A. i 


3 4 6 7 8 
TIME- minutes 


Fic. 7.—-Films shelf-aged 100 hours prior to heating for 1 hour at 125° C; 2-gram load. 


In this study the effect of carbon black on the strain-time relationship of 
aged and heat-treated cold rubber films is presented. Figure 6 shows that air 
aging at room temperature stiffens the gum film considerably, while in the 
carbon black film no significant change in the strain-time curve is observed. 
Carbon black can be considered to have inhibited the oxidative crosslinking 
reactions. 

The aged films were then heat treated at 130° C for | hour in an air atmos- 
phere and tested as before. It is evident in Figure 7 that the gum film softened, 
indicating a predominance of scission reactions, while the carbon black film 
became stiffer, suggesting that not only were the scission reactions curtailed, 
but that carbon black-rubber bonding increased. 


EFFECT OF CARBON BLACK ON NATURAL RUBBER OXIDATION 


Studies of van Amerongen have demonstrated that reinforcing carbon blacks 
accelerate the oxidation of vulcanized natural rubber, while other studies based 
on gel measurements have indicated that carbon black inhibits the oxidation of 
unvulcanized natural rubber*. A more complete investigation of the effect of 
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carbon black on the oxidation of unvuleanized natural-rubber films cast from 
solution was made, using oxygen adsorption measurements. It is evident from 
the data in Figure & that carbon black is a strong inhibitor of oxidation of such 
films: increasing the carbon black loading decreases the rate of oxidation. 

In general, the pattern of carbon black activity in rubber oxidation is the 
same for both GR-S and natural rubber. 


DISCUSSION 


The data obtained with the three vulcanized systems described—cumy!| 
peroxide vuleanizates, acetone-extracted sulfur vulcanizates, and benzoyl 
peroxide-vuleanized cold rubber-—can be interpreted with partial success, 
according to the theory of Kuzminskil®. This theory states that carbon black 
accelerates oxidation of rubbers containing antioxidant because the carbon black 


All Films Heated in Oxygen at 140°C. 
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Kia. 8.—Effect of carbon black on oxidation of unvuleanized natural rubber 


sorbs and inactivates the antioxidant, which is a stronger inhibitor than carbon 
black itself. In rubbers without antioxidant, carbon black itself functions as 
an antioxidant. 

In this study, cumy! peroxide and benzoy! peroxide, as well as carbon black, 
can be considered as inactivators of antioxidant. In such systems carbon black 
can function as an inhibitor in the loaded stocks, while the gum stocks, no 
longer containing active antioxidant, oxidize at a more rapid rate. Similar 
reasoning can be applied to the acetone-extracted sulfur vulcanizates, from 
which a significant portion of the antioxidant has been removed by the solvent, 
leaving the carbon black in the loaded stocks as the prince ipal inhibitor of oxida- 
tion. Such reasoning, however, cannot explain the inhibiting action of carbon 
black in unvuleanized cold rubber which contains antioxidant. In this system 
previously described in detail, increasing the carbon black loading decreases 
the rate of oxidation. Kuzminskil's theory predicts that increasing the carbon 
black loading would increase the oxidation rate. 
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The inhibiting action of carbon black on the oxidation of unvuleanized 
rubber has been rationalized in terms of the ability of carbon black to react 
with and inactivate the free radicals and intermediate reaction products through 
which oxidation proceeds". More recently additional evidence of the inter- 
action of carbon black with free radicals has been presented”, This reaction 
may not only be one of the mechanisms of oxidative inhibition, but also one of 
the mechanisms of carbon-gel formation responsible for reinforcement The 
strain-time relationships obtained with unvuleanized cold rubber films tend 
to support this theory. 

The role of carbon black in accelerating the oxidation of sulfur-vuleanized 
stocks appears to be far more complex. In addition to the antioxidant sorption 
theory of Kuzminskil, J. R. Shelton and his associates at Case Institute have 
postulated a catalytic role for carbon, in which the carbon promotes the de- 
composition of peroxide to free radicals capable of initiating oxidation chains, 
while van Amerongen suggested that the greater solubility of oxygen in carbon- 
loaded stocks may account for the increased rate of oxidation. 

There is not sufficient evidence at present to arrive at a complete under- 
standing of the role of carbon black in oxidation reactions. However, the 
evidence presented here suggests that carbon black may be interacting with one 
or more of the compounding ingredients or with the products of vulcanization 
in such a way as to accelerate the subsequent oxidation reactions in sulfur 
vulcanizates. 


SUMMARY 


Carbon black can function as an inhibitor or as an accelerator of oxidation 
and cure of rubber and of other polymers. 

The inhibiting action of carbon black on the oxidation of unvuleanized cold 
rubber appears to be related to, if not the cause of, the increased reinforcement 
of the heat-treated stock. In general, the effect of carbon black on the oxida- 
tion of cold rubber and natural rubber is the same. 

With a more complete understanding of the role of carbon black in polymer 
oxidation and cure reactions, it should be possible to control the behavior of 
carbon black so that advantage can be taken of its inhibiting and accelerating 


properties in prolonging the life and increasing the usefulness of rubber goods. 
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THE HEAT TREATMENT OF BUTYL-CARBON 
BLACK COMPOUNDS* 


D. C. Epwarps anp E. B. Srorry 


Devevcorment Division, Comporation Limirep, Saanta, OnTARIO, CANADA 
SYNOPSIS 


A study of the heat treatment of Butyl-carbon black mixes is described, 
with particular reference to the system: Butyl-furnace black-GMF, and with 
emphasis on the role of polymer gelation in systems of this kind. The effects 
of variations in the time and temperature of the heat treatment, of changes in 
the sequence of compounding operations, and in the loadings of black and 
promoter, are shown. From a study of the Mooney, gel, extrusion, stress- 
strain and hysteresis properties of the resultant mixes, it is concluded that the 
realization of all of the benefits of heat treatment depends on the presence of 
two continuous or semicontinuous phases in the mix; one phase consisting of 
gelled polymer and containing most of the carbon black, the other phase 
consisting of sol polymer and containing relatively little carbon black. The 
desired spatial distribution of sol polymer, gel polymer, and carbon black may 
be achieved best by heating a high black masterbatch in the presence of the 
promoter, then diluting the mix with raw polymer sufficient to yield the desired 
composition, Such a procedure is found to result in similar proportiona! bene- 
fits when applied to nonblack fillers. 


INTRODUCTION 


Much attention has been given in the literature to the formation and 
function of carbon gel in natural and synthetic rubbers. Three phases are 
postulated to exist in a heated rubber-carbon black mixture; sol rubber, gelled 
rubber, and carbon black. From studies with an electron microscope, it has 
been concluded that the gel component of the polymer is associated with the 
carbon particles in what is often called a carbon gel complex. A particularly 
clear representation of this effect has been given by Endter' with respect to 
natural rubber containing carbon black and white reinforcing fillers. On the 
basis of excellent microscopic and other evidence, he concludes that the mixture 
consists of a three-dimensional network of filler gel agglomerates connected by 
bridges of gelled polymer, with sol polymer filling the interstitial spaces. 
Sweitzer, Goodrich and Burgess’, following an exhaustive study of various 
rubber-carbon systems, state that “this carbon gel complex associated with the 
carbon black comprises the adsorbed rubber, and whatever insoluble or gel 
rubber is formed through the agency of carbon or temperature, the whole 
building an irregular but nonetheless continuous insoluble lattice structure 
throughout the matrix’’. 

As early as 1936, Bradley’? heated highly loaded natural rubber-carbon 
black mixtures and diluted the masterbatches with fresh polymer in a separate 

* An original contribution to Russen Cuemistrry ann Tecunococy. This paper was presented before 


the Division of Rubber Chemistry of the American Chemical Society at its meeting in Atlantic City, New 
Jersey, September 19-21, 1956 
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milling operation. Photomicrographs showed that a very uneven distribution 
of carbon black resulted from this procedure compared with the relatively 
uniform distribution achieved by conventional mixing methods. This dilution 
procedure gave a softer vulcanizate, with lower hysteresis, higher modulus at 
high strains, increased electrical resistivity, and better abrasion resistance. 

The higher temperatures encountered in modern mixing equipment and the 
introduction of furnace-type carbon blacks of finer particle size made it possible 
to achieve these desirable properties with synthetic elastomers during normal 
Banbury mixing operations. Gesslert showed that similar benefits can be 
obtained with Butyl rubber compounds. Indeed, heat treatment of channel- 
black mixtures produced a more profound improvement in the physical proper- 
ties of Butyl vulcanizates than was obtained with other synthetic elastomers. 
With furnace blacks, however, Butyl rubber did not readily form a carbon gel 
complex, and Gessler and Ford® found that the presence of a small amount of 
sulfur, of certain organic and inorganic sulfides, or of p-dinitrosobenzene, as 
well as treatment at elevated temperatures, was necessary to obtain the im- 
provement in physical properties. Doak and others® described the changes in 
properties obtained by the addition of agents such as p-quinone dioxime, 
tetrachloro-p-quinone, hexachlorophenol, etc. Such agents have been termed 
promoters, on the basis that they are considered to function by promoting the 
formation of primary valence linkages between the polymer chains and active 
centers on the surface of the carbon black particles. 

The present study was undertaken with the objects of investigating the 
heat treatment phenomenon for Butyl rubber and developing a commercial 
procedure for Butyl-furnace black mixtures. 


EXPERIMENTAL 


In studying the effects of carbon black and GMF loadings, or the time and 
temperature of heat treatment, the carbon black and GMF were added to the 
Butyl rubber on a 10 20 inch mill, with cold water circulating through the 
mill rolls. This masterbatch was divided into two portions; one part was heat- 
treated in a Type B Banbury mixer, and the second part was compounded 
without further treatment, as the control. The rotor and gates of the Banbury 
mixer were heated by steam to provide the desired masterbatch temperature 
in a short milling time. The Banbury loading was 1000 cc. and the rotor speed 
77r.p.m. The masterbatch was held at this temperature for ten minutes in the 
Banbury mixer and then dumped and cooled. The final compound was 
prepared on a6 X 12 inch mill with cold water circulating through the mill roll. 
The additional Butyl rubber required when it was desired to adjust the carbon 
black loading to 50 parts was added during this compounding stage on the 
6 X 12 inch mill. 

This procedure is indicated in the tables as the three-stage mix, and the 
final compound had the composition shown in Table I. 

In the two-stage tread mix, the masterbatch was prepared and heat-treated 
in the first stage and compounded in the second stage according to the following 
mixing schedule. First stage—Type B Banbury mixer; rotor and gates at 
270-280° F; rotor speed, 77 r.p.m.; Polysar Butyl 301, 650 g.; HAF carbon 
black, 520 g.; GMF, 6.5 g.; charge polymer, 0 min.; add carbon black, 1 min.; 
add GMF, 3 min.; control masterbatch temperature at 310-320° F for 10 
min.; dump and cool. Second stage-—6 * 12 in. mill; cold water circulating 
through rolls; masterbatch, 450 g.; Polysar Butyl 301, 150 g.; zine oxide, 20 
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g.; stearic acid, 12 g.; benzothiazolyl disulfide, 2 g.; tetramethylthiuram 
disulfide, 4 g.; sulfur, 8 g. 

The electron photomicrographs were made from samples prepared by moist- 
ening 4 freshly cut surface of the raw compound with benzene and making a 
smear on a collodion film supported on a 200-mesh screen. 

The percentage of gelled polymer in the masterbatch was measured by the 
Harris cage method. A finely cut sample of the masterbatch was immersed in 
benzene for 24 hours at room temperature. The amount of gelled polymer was 
calculated as the percentage of the polymer that remained undissolved at the 
end of this period. 

The extrusion test was carried out with either a }-inch circular die, or a 
Garvey die, in a 4 in. Royle extruder at a head temperature of 220° F. The rate 
of extrusion was determined by weighing timed lengths of the extruded material, 
and the die swelling was taken as the weight per inch length. 

The Mooney viscosity of the masterbatch and compound was measured by 
ASTM Method D 927-55T. 

TABLE I 

Basic CompounviING Recipe 
Polysar Butyl 301* 
Carbon black 
Zine oxide 
Stearic acid 
Benzothiazoly] disulfide 
Tetramethylthiuram disulfide 
Sulfur 


* Inobutylene-isoprene copolymer. Mooney viscosity (ML-8’, 212° F)--75. Mole % unsaturation 
1.6 


The compounded polymer was vulcanized and tested by ASTM methods 
D 15-55T and D 412-51T. Ring specimens, 1}-inches in diameter and 0.075 
inch thick, were tested on a Model TTB Instron tensile machine to obtain 
stress-strain curves for the various vulcanizates. 

The Shore hardness was measured with a Type A-2 instrument under a 
three-pound dead load and taken as the 30-second reading. 

The heat buildup was determined with a Goodrich Flexometer under the 
following conditions; 1800 r.p.m., 100° F, 143 lb. per sq. in., 17.5 per cent 
compression. The torsional hysteresis of the vulcanizate was measured by the 
method of Mooney and Gerke’ at an ambient temperature of 150° F. 


BUTYL-CHANNEL BLACK MIXTURES 


The application of heat treatment procedures to the preparation of Butyl 
rubber-channel black mixtures has been shown‘ to produce a number of 
changes in the physical properties of the compounded polymer and its vulcani- 
zate. In order to illustrate these effects EPC carbon black (50 parts) was 
mixed with Polysar Buty! 301 (100 parts) on a cold mill. One-half of the mix- 
ture was milled in a Type B Banbury mixer for ten minutes at 390°-400°F. 
The original and the heat-treated portions of the mixture were compounded 
separately on a cold mill in the recipe shown in Table I. The physical proper- 
ties of these compounds are shown in Table II. This heat treatment resulted 
in a substantial increase of the amount of gelled polymer, but gave a lower com- 
pound Mooney viscosity. The rate of extrusion was increased with a slight 
increase of the die swelling. The heat-treated vulcanizate had a higher modulus 
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Taste II 
EPC Biack MASTERBATCH 
Compound Control Heat-treated 

Gelled polymer 34 
Compound Mooney viscosity (ML-4’, 212° F) 65 
Mooney scorch time (min. at 292° F) 5 s 
Extrusion properties 

Rate (g./15 sec.) 5.4 9.2 

Swelling (g./in.) 0.46 
Press cure: 40 min. at 307° F 

Hardness, Shore, Type A2 f 48 

Modulus at 25% (Ib./sq. in.) 99 

Modulus at 300% (Ib./sq. in.) 1355 

Tensile strength (Ib./sq. in.) , 2760 

Elongation at break (°%) 530 

Torsional hysteresis (log. decrement at 150° F) Be 0.22 


at 300 per cent but a lower modulus at 25 per cent elongation. The stress- 
strain curves given in Figure | illustrate the differences in these properties. 
The torsional hysteresis value of the heat-treated vulcanizate was markedly 
lower than that of the control vulcanizate. As a result of the low-strain 
modulus and hysteresis effects, the heat-treated vulcanizate was significantly 
superior in hand flexibility or snap. 

Since nearly all the changes brought about by the heat treatment of Butyl- 
channel black mixtures are favorable both to the processing of the compound 
and to the physical properties of the vulcanizate, we may consider this system 
as a model for heat enhancement effects in Butyl rubber. 


BUTYL-FURNACE BLACK MIXTURES 


Furnace-type carbon blacks offer some advantages in rate of cure and 
possibly the wear resistance of Butyl rubber vulcanizates, but require the use of 
promoting agents to obtain the heat enhancement effects described for channe! 
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Fig. 1.—-Effect of heat treatment of Butyl rubber-EPC carbon black mixture 
on stress-strain properties 
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black mixtures. From preliminary tests, as well as from published data‘, it 
appeared that p-quinone dioxime is a very satisfactory promoter and the 
commercial product known as GMF was employed in the investigation. 

Two mixtures containing 50 parts of HAF carbon black and 100 parts of 
Polysar Buty] 301 were prepared on a cold mill and 0.5 part of GMF was added 
to one of the mixtures. Each mixture was divided into two portions, one of 
which was milled in a Banbury mixer for ten minutes at 310°-320° F. Then 
the masterbatches were compounded in the recipe shown in Table I, and the test 
data are shown in Table III. Only minor changes in physical properties 
resulted either from heat treatment in the absence of GMF or from the presence 
of GMF without heat treatment. The heat treatment with GMF present is 
seen to produce a vulcanizate with highly desirable properties. The improve- 
ments in the high-strain modulus and torsional hysteresis values are of such 
magnitude that the heat-treated vulcanizate approaches a GR-S vulcanizate in 
these respects and considerably exceeds the performance of heat-treated channel 


III 
HAF Biack-GMF Masrersatcu 
Control Control GMF CMF 
Compound cold heated cold heated 


Gelled polymer (%) — 14 78 
Compound Mooney viscosity 

(ML-4’, 212° F) 76 70 128 
Mooney scorch time (min. at 

292° F) 6 7.5 
Extrusion properties 

Rate (g./15-sec.) 8.2 9.4 

Swelling (g./in.) 0.40 0.41 
Press cure: 50 min. at 292° F 

Hardness, Shore, Type A2 56 58 

Modulus at 25% (Ib./sq. in.) 132 133 

Modulus at 300% (Ib./sq. in.) 1120 1210 

Tensile strength (lb./sq. in.) 2410 2460 

Elongation at break (%) 570 550 

Torsional hysteresis 


(log. decrement at 150° F) 0.43 0.49 0.19 


black mixes. The fact that these properties were obtained at the compara- 
tively moderate heat treatment temperature of 310°-320° F represents an 
additional advantage over the unpromoted channel black system. 
Unfortunately, the excellent properties of the GMF-treated vulcanizate 
are offset by very poor processing behavior. The treatment produced a high 
degree of gelation, accompanied by a high compound Mooney and slow, rough 
extrusion characteristics. These adverse properties are in contrast to the 
improved processing obtained with channel blacks, and are sufficiently serious 
to prohibit the use of such a procedure in large-scale commercial applications. 


EFFECT OF POLYMER GELATION 


Since it is well known that agents such as p-dinitrosobenzene and p-quinone 
dioxime induce polymer gelation when heated with Butyl rubber, a question 
immediately arises as to the role of polymer gelation in the promoted heat 
enhancement mechanism. To investigate this, a sample of Polysar Butyl 301 
was mixed with 0.25 part of GMF and given a Banbury heat treatment of ten 
minutes at 310°-320° F in the absence of carbon black. Fifty parts of HAF 
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Tasie lV 
Errecr or HAF Carron BLack 


GMF treated 
A 


Carbon black Carbon black 
Compound Control present absent 


Gelled polymer (%) ~- 7 73 
C Mooney viscosity 
ML-4’, 212° F) 

Meson scorch time (Min. at 
292° F) 

Extrusion properties 
Rate (g./15-sec.) 
Swelling (g./in.) 

Press cure: 50 min. at 
Hardness, Shore, T 
Modulus at 25% /sq. ) 
Modulus at 300% /sq. in. ) 
Tensile strength (lb, /sq. in.) 
Elongation at break (% 
Torsional hysteresis (log. 

decrement at 150° F) 


black, and other ingredients, were added subsequently on a cold mill. A 
smaller amount of GMF was used with the raw polymer than had been em- 
ployed in the case of the carbon black mixture in order to obtain comparable gel 
levels in the two mixes. 

The properties of this mix are compared in Table IV with one in which 
carbon black was present during the heat treatment. A striking agreement is 
apparent between the cases where carbon black was either present or absent 
during the heat treatment. Indeed, all of the measured properties are in- 
fluenced in the same direction in both cases, and many to nearly the same degree. 
This similarity is further illustrated in Figure 2, which compares Instron stress- 
strain curves for control, control-heated, GMF-heated, and pregelled mixes. 
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Fie. 2.—-Effect of heat-treatment of ~— rubber-HAF carbon black mixture on stress-strain properties 
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Note that the heat treatment, as such, exerted very little effect on the stress- 
strain properties, while the heat treatment of the polymer with GMF produced 
almost identical changes in the nature of the curve, whether or not carbon 
black was present during the heat treatment. The remarkably close agreement 
between these two cases suggests strongly that polymer gelation is solely re- 
sponsible for the effects of heat treatment with GMF. 

In the cases of natural rubber and GR-S, the effects of heat treatment have 
been ascribed to a spatial distribution of gelled polymer, sol polymer, and 
carbon black, but no large differences were reported between mixtures con- 
taining channel and furnace type blacks. These same three phases are shown to 
exist in heat-treated Butyl rubber mixtures and, moreover, the same type of 


Fria. 3. Eleetron photomicrograph of a mill-mixed Butyl rubber-HAF earbon black mixture 


improvement is produced in the properties of the vulcanizate. What, then, 
is the difference between the channel black and furnace black-GMF systems for 
Butyl rubber such that the processing properties are improved in one case and 
impaired in the other? We offer the suggestion that the difference may lie in 
the location of the carbon black particles with respect to the gel and sol phases 
of the elastomer component. With channel black, gelation is presumed to 
originate with oxidized surface groups on the carbon particles and, therefore, 
occurs around the carbon black particles; the sol-rubber phase contains 
relatively little carbon black. When, on the other hand, carbon black is milled 
into partially gelled polymer, one would expect the carbon black particles to 
reside mainly in the sol component, and not to penetrate the highly gelled 
areas. Since we have found that gelation of Butyl rubber with GMF in the 
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presence of furnace-type carbon black yields essentially the same result as 
pregelling the polymer and adding the carbon black on a cold mill, it would 
appear that in this promoted heat treatment, carbon black particles tend to be 
excluded from the gel phase in the process of its formation. The fact that the 
presence of carbon black actually appears to inhibit gelation with GMF may 
account for such a process. 

The behavior of Butyl-carbon black mixtures in solvents was found to 
provide little evidence either favoring or opposing the foregoing concepts. 
When finely cut samples were immersed in benzene, either statically or with 
mechanical agitation, it was found that the major proportion of the carbon 


Fig. 4.—Flectron photomicrograph of a Butyl rubber-HAF earbon black mixture 
heat-treated in the presence of GMI 


black always remained with the gelled polymer, regardless of the means 
whereby gel was introduced into the mixtures. It was not possible in experi- 
ments of this kind to draw any clear distinction between cases where carbon 
black was present during gelation, where carbon black was milled into gelled 
polymer, or where gelled polymer was added to a cold concentrated carbon 
black masterbatch. 

Electron photomicrographs were taken of mixtures prepared by these 
various methods. Figure 3 shows a typical picture of a HAF black (50 parts) 
mill-mixed masterbatch. In cases where gel was present in the mixture, 
evidence was sought as to the relationship of the gelled polymer to the carbon 
black particles. Figure 4 shows a picture of a HAF black (50 parts) mixture 
that had been heat-treated in the presence of 0.5 part of GMF. This picture 
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shows the presence of an opaque material containing little or no carbon black. 
While such areas have been observed in mixtures in which gelled polymer was 
added to a concentrated black masterbatch, they have not been observed 
in gel-free mixtures. In common with Barton and coworkers*, we have not 
found evidence in electron photomicrographs to suggest that heat treatment 
increases the degree of particulate dispersion of the carbon black. 

The observed differences between channel black and furnace black-GMF 
systems with respect to processing properties may be visualized by the follow- 
ing concepts. In the heat-treated channel black mixtures there is a soft sol- 
rubber phase that offers little resistance to deformation and has low elastic 
recovery properties ; the existence of this phase is considered to account for the 
low Mooney viscosity and smooth processing character of the mixture. In the 
GMF system, on the other hand, the gum phase of the mixture contains or con- 


TaBLe V 
Errecr or Ditution Procepure with HAF Carson 


50 80 
GMF GMF 
Masterbatch loading (PHR) procedure 50 Heat-treated Heat-treated 
Cold mix mix and diluted 


Gelled polymer (%) 78 35 
Compound Mooney viscosity 
(ML-4’, 212° F) 76 128 54.5 
Mooney scorch time (min. at 
292° F) ) 5 
Extrusion properties 
Rate (g./15-sec.) 3. 10.3 
Swelling (g./in.) 0.40 i 0.56 
Press cure: 50 min. at 292° F 
Hardness, Shore, Type A2 56 52 51 
Modulus at 25% (lb./sq. in.) 132 112 96 
Modulus at 300% (Ib. /sq. in.) 1120 2070 1780 
Tensile strength (lb./sq. in.) 2410 2780 2740 
Elongation at break (%) 570 390 450 
Torsional hysteresis (log. 
decrement at 150° F) 0.43 0.19 0.19 


sists of gelled polymer, and no soft inelastic medium exists. As a consequence, 
the mixture exhibits a high Mooney viscosity and shows a rough-processing 
behavior. 

In the vulcanized state, both phases are tightly gelled or crosslinked, and 
the distinctions based on the location of the carbon black particles with respect 
to the sol and gelled components as they existed in the uncured mixture largely 
disappear. The heat-treated vulcanizates, whether channel black or furnace 
black-GMF, both show the improvements in physical properties associated 
with the lattice-type distribution of highly reinforced polymer embodied in the 
carbon gel concept. 

If the foregoing concepts provide a true understanding of the processing 
difficulties encountered in the GMF heat treatment of furnace black mixtures, 
then the problem of obtaining smooth-processing compounds becomes one of 
reversing the location of the carbon black with respect to the sol and gel phases 
of the elastomer. It seemed likely that such a change might be effected by a 
method analogous to that employed by Bradley’; namely, gelling a highly 
loaded carbon black masterbatch and diluting the mix to the desired carbon 
black loading by the addition of fresh polymer. The results obtained by this 
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type of procedure are illustrated in Table V. Here, a mixture containing 100 
parts of Polysar Buty! 301, 80 parts of HAF black and 1 part of GMF was pre- 
pared on a cold mill and given a Banbury heat treatment of 10 minutes at 
310°-320° F. In a final cold-milling step, additional fresh polymer was added 
to yield an average loading of 50 parts of carbon black. In contrast to other 
methods tried, the resulting compound showed a lower Mooney viscosity and 
smooth-processing properties. The modulus and torsional hysteresis values 
were comparable to those obtained earlier with the 50-part mixture, and the 
low-strain modulus was reduced to an even greater degree. The properties ob- 
tained by this procedure parallel those of the heat-treated channel black mix- 
tures in every respect. The appearance of extruded samples obtained with 
mixture prepared by various means is shown in Figure 5, as a further illustra- 


PROCE DURE 
Fie. 5. Effect of treatment of a Butyl rubber-carbon black mixture on its extrusion characteristics 
tion of the advantage gained with the dilution method. Figure 6 shows an 


electron photomicrograph of the masterbatch that suggests the presence of 
highly reinforced masses associated with gelled polymer. 


EFFECT OF VARYING THE LOADING OF BLACK AND GMF 


In order to establish optimum quantities of carbon black and GMF, a series 
of mixtures was prepared covering a range of carbon black loadings from 50 to 
100 parts and a range of GMF loadings from 0 to 1.5 parts, based on the 
polymer present in the heat-treated masterbatch. In all cases, the mixture was 
prepared on a cold mill and subjected to a Banbury heat treatment of 10 
minutes at 310°-320° F. Additional fresh polymer to adjust the carbon black 
loading to 50 parts and other ingredients were added on a cold mill. 

Figure 7 shows the influence of carbon black and GMF loadings on the 
compound Mooney viscosity of the final compounds. In the case of the 50-part 
masterbatches, the Mooney viscosity rose very rapidly with increasing GMF 
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Electron photomicregraph Butyl rubber-HAF carbon black mixture 


, prepared by the dilution procedure. 
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BLACK LOADING IN MASTERBATGH 


h16, 7.-- Effect of variations in the loadings of HAF carbon black and GMF 
on the compound Mooney viscosity of the 50-part carbon black compound. 
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loading. This rise was accompanied by progressively rougher extrusion. As 
the carbon black content of the mixtures increased, the compound Mooney 
viscosity was influenced to a lesser degree until, at SO parts, little change of 
Mooney viscosity resulted from an increase of the GMF content. The Mooney 
viscosity of mixtures containing no GMF decreased moderately as the carbon 
black content increased, presumably because of the increasingly severe shearing 
stresses brought to bear on the polymer at the higher carbon black levels. 
The effect of the carbon black and GMF loadings on the gel content of the 
mixtures is shown in Figure 8. Here, the percentage gel refers to the polymer 
in the masterbatch rather than to the total polymer in the final compound. 
The degree of polymer gelation for a given GMF loading decreased as the HAF 
carbon black content was increased. This behavior differs from that of chan- 
nel black mixtures, in which the gel content increases as the carbon black con- 
tent is increased, and is the opposite to what would be expected if gel formation 


50 60 70 80 100 
BLACK LOADING IN MASTERBATCH 


Fie. 8.—-Effect of variations in the loading of HAF carbon black and GMF on the percentage 
of gelled polymer in the heat-treated masterbatch 


were due to a chemical bonding of the polymer chains to the carbon surface. 
The nature of this inhibiting action is not clear. It may be that furnace black, 
due to its relatively reducing surface, retards the oxidation of p-quinone di- 
oxime to p-dinitrosobenzene, which, according to Rehner and Flory® is a necessary 
step in the crosslinking of Butyl rubber with this agent. The abrupt change 
of gel behavior between 70 and 80 parts black is also curious; this may be as- 
sociated with a reversal of phases, the carbon black particles at the 80-part 
loading being sufficiently closely spaced to be included perforce in the gel com- 
plex. Whatever the exact nature of these effects, the behavior of the 80-part 
mixtures is desirable in that processing properties were influenced relatively 
little by variations in the GMF content. 

The compounds from the 100-part mixtures were found to extrude smoothly 
but the die swelling, which increases with an increase of carbon black loading 
of the masterbatch, was excessively high. The torsional hysteresis values were 
substantially higher, at all GMF loadings, than with the S0-part mixtures. 
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EFFECT OF BANBURY TEMPERATURE 


PHR MASTERBATCH 
--60 PHR MASTERBATCH 
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Fic. 9.—-Effect of the temperature during a 10-minute heat treatment on the properties 
of the compounds prepared with and without dilution to 50-parts of carbon black. 


On the basis of these results, it is concluded that the 80-part mixture, contain- 
ing 1 part of GMF (i.e., 0.625 part based on the total polymer in the final com- 
pound) provides compounds having an optimum balance of physical properties. 


EFFECTS OF VARYING THE TEMPERATURE 
AND TIME OF HEATING 
The effects of varying the temperature of the Banbury were determined for 
50-part mixtures containing 0.5 part of GMF and 80-part mixtures containing 
1 part of GMF over the temperature range of 250° to 400° F. Ten-minute heat 
treatments were used in all cases. Figure 9 shows the influence of temperature 
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Fia, 10,—Effect of the temperature during a 10-minute heat treatment on the properties of the vulcanizates. 
ilution p ure applied to the 80-part masterbatch. 
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on the processing properties. The 50-part mixtures exhibited an excessively 
high Mooney viscosity and slow rate of extrusion over the whole temperature 
range, and were comparatively sensitive to temperature. The 80-part mixtures 
were remarkably insensitive to temperature changes, and provided satisfactory 
processing properties over the whole range. 

The modulus and hysteresis properties are shown in Figure 10. There was 
little to choose between the two types of mixture with respect to the properties 
of the vulcanizates. It is significant that suitable over-all physical properties 
can be secured in the case of the 80-part mixture at heat-treatment tempera- 
tures considerably below 300° F. 

The effect of the duration of the heat treatment at 310°-320° F on the 
processing properties of 50 and 80-part mixtures is shown in Figure 11. The 
50-part mixture showed a maximum in Mooney viscosity for a treatment be- 
tween 5 and 10 minutes. Further hot mixing caused a progressive breakdown 


EFFECT OF MIXING TIME 
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Fie. 11.-Effect of the duration of heat-treatment at 310°-320° F on the properties of the compounds 
prepare | with and without dilution to 50 parte of carbon black. 
in the gel structure, as indicated by the decrease in Mooney viscosity and in- 
crease of rate of extrusion of the compounds. The compounds prepared from 
the 80-part mixtures were, on the other hand, relatively insensitive to the mix- 
ing time, and showed superior processing properties over the entire range. 
Figure 12 shows the effect of mixing time on the properties of the vulcanizates. 
The 50-part mixtures suffered a severe decline of modulus and hysteresis prop- 
erties as the mixing time was increased, while the 80-part mixtures were 
affected only slightly. This insensitivity of compounds prepared by the dilu- 
tion procedure to variations of the time and temperature of the Banbury treat- 
ment represents an important practical advantage, since it may be difficult, in 
factory operations, to control the Banbury temperature within a narrow range. 


DILUTION PROCEDURE APPLIED TO OTHER 
REINFORCING FILLERS 


The results of experiments with other carbon black and nonblack reinforcing 
fillers are summarized in Table VI, which shows the changes in physical proper- 
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EFFECT OF MIXING TIME 
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Fic, 12,—Effect of the duration of heat-treatment at 310°-320° F on the properties of the vulcanizate 
Dilution procedure applied to the 80-part masterbatch. 


ties obtained with the GMF heat-treatment/dilution procedure, compared to 
conventional mill mixes. The first column refers to data shown previously 
for an 80-part HAF black mixture heat-treated with 1 part of GMF and di- 
luted to 50 parts of HAF black with fresh polymer. The second column refers 
to a typical inner tube recipe containing 35 parts of SRF black and 15 parts of 
FEF black. A 80-part mixture, containing the two carbon blacks in the de- 
sired proportion, was heat-treated with 0.25 part of GMF, then diluted with 
fresh polymer. The next two columns show the extra benefits gained by ap- 
plying this procedure to channel black. In the first case (column 3), a 50-part 
mixture was heated for 10 minutes at 390°-400° F, in the absence of GMF. 
In the second case (column 4), an 80-part mixture containing 0.5 part GMF was 
heat-treated for 10 minutes at 310°-320° F and diluted with fresh polymer. 
The latter procedure resulted in impressive improvements over the simple heat 
treatment, particularly with respect to hysteresis and stress-strain properties. 


Tasie VI 
Dinution Procepure with Various REINFORCING FILLERS 
HAF S8RF/FEF EPC EPC Caleium Aluminum 


Filler black blacks black black silicate silicate 

GMF (PHR in masterbatch) 1.0 0.25 0 0.5 1.0 0.25 
Gelled polymer (% in compound) 35 - 34 48 25 - 
% Change in = 

Compound Mooney viscosity 

(points) —21 -19 -—14 — 23 —16 

Extrusion properties 

Rate +25 0 +70 +26 +300 +36 

Swelling +40 +8 +15 +10 +33 0 
Hardness, Shore, Type A2 (points) —4 0 —3 —6 —13 —1 
Modulus at 25% —27 -16 —35 —12 
Modulus at 300% +60 +70 +65 +85 +55 +110 
Tensile strength +14 +5 —§ +5 0 +10 
Elongation at break —21 —7 —21 —25 0 0 


Torsional hysteresis — 56 —50 —-44 —68 —58 — 36 
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The torsional hysteresis value at 150° F was 0.12, and the general properties of 
the vulcanizate appeared superior to those of any HAF black compound so far 
investigated. It is suggested that the oxidizing surface of the channel black 
favors the GMF gelation reaction in the vicinity of the carbon particles, with 
resulting larger proportional benefits than are possible with the furnace carbons. 

The final two columns show the effects realized with a hydrated calcium 
silicate filler and with a hydrated aluminum silicate filler. The compound 
containing the calcium silicate filler was notable for a particularly large reduc- 
tion of the low-strain modulus; the hand properties showed an extreme improve- 
ment, and the hardness was reduced from 48 to 35. 

Similar improvements of physical properties may be gained with other non- 
black reinforcing fillers such as Dixie clay (Kaolin) and Hi-Sil (silica). 

It may be noted that the GMF loading required to produce a satisfactory 
compound varies considerably for different fillers. In most cases, increasing 
the GMF loading beyond the levels shown results in a decline of the processing 


Tasie VII 


Buty. Treap Recire 


Masterbatch 
Polysar Buty] 301* 100 
HAF black 80 
CMF 


Heat-treated 10 min. at 310° to 320° F 
Compound 


Masterbatch above 113 
Polysar Buty] 400** 37.5 
Acetylene black 5 
Stearic acid 3 
Zine oxide 5 
Mineral oi) plasticizer 3 
Benzothiazoly! disulfide 05 
Tetramethylthiuram disulfide 1 
Sulfur 2 


* Isobutylene-isoprene copolymer. Mooney viscosity (ML-8’, 212° F)-75. Mole % unsaturation 
he Isobutylene-isoprene copolymer, Mooney viscosity (M1-8’, 212° F)-45. Mole % unsaturation 
behavior without much improvement of the properties of the vulcanizate. Our 
present experience is not sufficient to explain these differences in GMF require- 
ments. It is probable that many factors are involved, including the surface 
chemistry of the pigments, particle size, and adsorptive properties of the sur- 
face toward both the polymer and the gelling agent. 


BUTYL TIRE-TREAD STOCK 


Experimental Buty! tire treads are known to possess quiet running proper- 
ties, good traction, and virtual freedom from cracking and other aging effects 
encountered in natural rubber and GR-S tires. With the improvements of 
physical properties made possible by heat-enhancement methods, the use of 
Butyl in tire treads and sidewalls appears increasingly attractive. A suitable 
Butyl tread recipe is shown in Table VII. Here, an 80-part HAF black master- 
batch was prepared and heat-treated as previously described. In the final 
formulation, 5 parts of acetylene black was incorporated in order to increase 
the electrical conductivity of the vuleanizate, and hence to minimize the buildup 
of static charges in the running tire. As the diluent polymer, Polysar Buty! 
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400 was employed. This polymer is of lower molecular weight and higher un- 
saturation than Polysar Buty! 301, and is therefore advantageous both to the 
processing and the rate of cure of the stock. The acceleration system provides 
an optimum tensile cure in 50 minutes at 292° F. The properties of this com- 
pound are compared with those of a conventional cold rubber tread compound 
in Table VIII. The latter compound contained Polysar Krylene, 100; HAF 
black, 50; mineral oil plasticizer, 5; stearic acid, 1; zine oxide, 2; Santocure, 
1.1; and sulfur, 2. This compound was prepared by conventional methods in 
the laboratory Banbury. The GMF-treated Buty! stock is seen to approach 
the conventionally-mixed cold rubber tread in processing properties, and to 
equal it in modulus and torsional hysteresis. The Goodrich Flexometer data 
show that the heat buildup of the Butyl compound under conditions of dynamic 


Tasie VIII 
Prorerties or TREAD ComPpouND 


Butyl Tread 
Polysar 
Dilution Krylene* 
Compound Control procedure recipe 


Compound Mooney viscosity 86 53 7 
(ML-4’, 212° F) 
Mooney scorch time (min. at 6 7 
292° F) 
Extrusion (Garvey die at 220° F) 
Rate (in./min.) 26.2 30.1 
Swelling (g./in.) 2.5 3.0 
Appearance smooth smooth smooth 
Press cure: 50 min. at 292° F 
Hardness, Shore, Type A2 60 51 53 
Modulus at 300% (Ib. /sq. in.) 1190 1950 2085 
Tensile strength (Ib. /sq. in.) 2140 2360 3760 
Elongation at break (%) 550 370 500 
Torsional hysteresis (log. 
decrement at 150° F) 0.45 0.18 0.18 
Heat build-up (° FP) 63 67.5 


(Goodrich Flexometer, 1800 r.p.m.; 100° F; 143 lb./sq. in.; 17.5% compression.) 
*GR-8 1500 type butadiene-styrene copolymer, 


flexure is slightly less than that of the cold rubber compound. Conventional 
Butyl stocks are not sufficiently resilient to follow the rate of oscillation im- 
posed by the Flexometer, and seldom may be tested by this apparatus. The 
wear resistance of the Butyl compound has not been ascertained. Laboratory 
experiments have given encouraging results, but a knowledge of the practical 
performance of the compound must await testing under service conditions. 


TWO-STAGE AND ONE-STAGE MIXING PROCEDURES 


In the preceding experiments we have used a three-stage mixing procedure, 
consisting of: (1) Preparation of the Butyl-black-GMF masterbatch on a cold 
mill; (2) Heat treatment of the masterbatch in the Banbury; (3) Addition of 
the remaining ingredients on the mill. The use of such a procedure is desirable 
in investigational work because the individual operations lend themselves to 
relatively precise control. However, the application of heat enhancement in 
factory operations would require the development of more efficient methods. 
Where Banbury time is a critical factor, tle greatest efficiency is secured by 
mixing and heat-treating a high-black masterbatch in a single Banbury opera- 
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tion, then adding the necessary polymer together with the other ingredients on 
the mill. Two batches were prepared by such a procedure. In the first batch, 
the polymer was charged into the laboratory Banbury with the rotor and jacket 
at 265°-285° F. Carbon black was added after 1 miinute and the GMF at 
three minutes. The temperature of the mixture was controlled at 310°-320° F 
for a further 10 minutes, and the batch was discharged. In the second batch 
the same procedure was used except that 0.2 part of phenyl-2-naphthylamine 
was added along with the carbon black. The purpose here was to retard the 
action of the GMF and thereby increase the time of mixing prior to gelation. 
Table 1X shows the properties resulting from these procedures, compared to 
the three-stage compound. The data show that it is possible to secure suitable 
physical properties by mixing and heat-treating the masterbatch in one opera- 
tion. The use of phenyl-2-naphthylamine appears to be beneficial, especially 
with respect to torsional hysteresis. 


IX 
BanBpuRY MIx1nG ProcepuURES 


Two-stage mixes 


Three-stage 


mix “No PBNA 0.2 PBNA 


Gelled polymer (%) 37 34 
Com ote: | Mooney viscosity 

(ML-4’, 212° F) 54. 67 
Mooney scorch time (min. at 

292° F) ; 7 
Extrusion properties 

Rate (g./15 sec.) 9.4 8.6 

Swelling (g./in.) 56 AS 0.46 
Press cure: 50 min. at 202° F 

Hardness, Shore, Type A2 5 

Modulus at 300% (Ib./sq. in.) 7 1885 

Tensile strength (Ib./sq. in.) 7 Bi 2590 

Elongation at break 410 

Torsional hysteresis (log. 

decrement at 150° F) ij 0.22 


In other experiments, the entire mixing operation, with the exception of 
sulfur addition, has been completed in one Banbury cycle. Satisfactory prop- 
erties are obtained provided that the Banbury loading is kept as high as possi- 
ble in order to minimize the effects of underloading during the mixing and heat 
treatment of the high-black masterbatch. 


CONCLUSIONS 


1. Heat enhancement effects with HAF black-GMF systems do not appear 
to involve a chemical bonding of the polymer to the carbon surface. The 
principal reasons for this view are: (a) Very similar physical properties are ob- 
tained, in the case of 50-part carbon black masterbatches, whether or not the 
black is present during the heat treatment. (b) When the carbon black con- 
tent is increased, it is necessary to increase the quantity of GMF in order to 
produce a given degree of gelation. 

2. With GMF, very satisfactory properties are obtained by heat-treating a 
highly loaded mixture and diluting this masterbatch with fresh polymer. 
Such a process is less sensitive to the time and temperature conditions of the 
heat treatment operation. 
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3. The application of such a procedure to Butyl-HAF black mixtures results 
in modulus and hysteresis properties approaching those of a conventionally 
mixed cold-rubber tread. 
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MOONEY VISCOSITY OF CARBON 
BLACK-RUBBER MIXTURES * 


M. L. SrupEBAKER 


Cuemicat Co., Akron, Onto 


INTRODUCTION 


The Mooney viscometer is widely used to obtain information on the 
processing characteristics of unvulcanized rubber stocks. A number of excel- 
lent investigations have been conducted on the instrument and its use, particu- 
larly in evaluating raw polymers. Some data have been reported which show 
the effect of carbon blacks on the Mooney viscosity of loaded rubber stocks. 
The most comprehensive tabulations of these effects were reported by Drogin', 
and by Drogin and Bishop*. Extensive phenomenological studies of carbon 
black-rubber mixtures were made by Whorlow’, and by Mullins and Whorlow*. 
Although Drogin and Bishop* and many others have presented extensive data 
which show that the Mooney viscosity increases with carbon black loading, a 
more detailed study of this relationship seems desirable. In the present paper 
the effect of carbon black concentration upon Mooney viscosity is examined in 
a natural rubber compound and in GR-S, using a modification of the “Arrhenius 
equation”. This is the Equation (1) attributed to Arrhenius®. It is well 
known to rheologists, who frequently refer to it as the “Arrhenius equation”. 
It should not be confused with the Arrhenius equation of the physical chemists, 
which relates reaction rate with temperature. To avoid confusion quotation 
marks are placed around the term in this paper. Somewhat similar work has 
been done in the pigment-vehicle systems used in the paint and ink trades®. 
Mooney viscosity values for a variety of carbon blacks at one loading in these 
two rubbers will also be tabulated. Finally, an attempt will be made to investi- 
gate some properties of carbon black which seem to correlate with the Mooney 
viscosity at a given carbon black loading. 

As will be discussed later in the paper, the properties of carbon black which 
seem to have the greatest influence on the Mooney viscosity of rubber-carbon 
black mixtures are particle size and what has been called “structure”. Oil 
absorption values are generally used to obtain an indication of structure, but 
they are also affected by particle size. Accordingly, the relationship between 
oil absorption and Mooney viscosity will be examined. 

The examination of the dependence of Mooney viscosity on structure is a 
phenomenological study of the action of physical forces. Certain chemical 
effects appear to be involved in a study of the Mooney viscosity of rubber- 
carbon black systems. These will be the subject of a forthcoming paper. 


RHEOLOGICAL PROPERTIES OF CONCENTRATED DISPERSIONS 


When a finely divided solid is dispersed in a liquid, the properties of the 
medium are altered. The higher the concentration of solid particles, the 
greater is the viscosity or apparent viscosity as we measure it. When the 


* Reprinted from the Proceedings of the Third Rubber Technology Conference, tandon, 1954, pages 623 
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apparent viscosities of such dispersions are plotted semilogarithmically against 
the concentration of the finely divided solid, it will be found that a straight 
line results for low concentrations. This relationship can be expressed in the 
familiar ‘Arrhenius equation”: 


n = noe” (1) 


where » is the viscosity of the suspension, 7 is the viscosity of the vehicle, k is a 
constant which depends upon the solute, solvent, and temperature, and C is the 
concentration. Weltmann and Green® investigated the applicability of the 
“Arrhenius equation” in concentrated systems and suggested the modification: 


v = (mo + Aje*? (2) 


where v is the plastic viscosity of the suspension, mo is the Newtonian viscosity 
of the oil, p is the volume percentage of the pigment, and A and B are material 
constants. The plastic viscosity, v, is the force in dynes per sq. cm., in excess 
of the yield value, tangentially applied, that will induce a unit viscosity gradi- 
ent’. It is not customary to measure Mooney viscosities at several rates of 
shear, although this has been done’*. Accordingly, what is reported here are 
Mooney values at a constant rate of shear, e.g., they are apparent viscosities’. 
Other modifications of the “Arrhenius equation’ have been used. 

Because of the thoroughness of Weltmann and Green's investigation, it was 
tempting to adopt their approach. However, it was found that their equation 
did not apply to the data treated in this paper at the high carbon black loadings 
which are frequently important to the rubber compounder. The ‘Arrhenius 
equation” and the modifications which have been proposed are purely empirical, 
but they are quite useful in describing the effects of concentration upon various 
systems. As is frequently the case with experimental data, other mathematical 
equations can be found which apply almost equally well. In this paper the 
semilogarithmic relationship is adopted. In a theoretical study, otherequations 
might be more appropriate. 

Since rubber itself has a comparatively large viscosity and since we are inter- 
ested in the increase in viscosity due to the presence of carbon black, it has been 
convenient to compare the increase in Mooney viscosity (AML-4’) with con- 
centration. Because the nature and amount of carbon black are the only vari- 
ables in a given series of compounds, and because there are only very small 
differences in the true specific gravities of the various types of carbon black in 
the rubber stocks, it makes very little difference whether the concentration is 
expressed on a volume basis or on a weight basis. 

Loading studies were made in natural rubber and in GR-S synthetic rubber 
type X-630. The results are presented in Tables I and I] and in Figures | and 
2, where the logarithm of the increase in Mooney viscosity due to the carbon 
black, log AML-4’, is plotted against the weight per cent carbon black. Within 
the experimental error, the data form a series of parallel straight lines repre- 
sented by the relationship: 


log (AML-4') = aC +k (3) 


where a and k are constants which depend upon the nature of the carbon black 
and C is the weight per cent carbon black. Accordingly, for natural rubber it 
was possible to express the relationship between concentration and increase in 
Mooney viscosity by the equation: 


log (AML-4’) = 0.041C + k’ (4) 
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2.0 T T 
NATURAL RUBBER 
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PHILBLACK E 


LOG AML-4' 
° 


THERMAL 
a“ 
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WEIGHT PER CENT CARBON BLACK 


Kia. 1.—Relationship between the concentration of carbon black in natura! 
rubber and the increase in Mooney viscosity, AML-4’ 


In the series of GR-S compounds the relationship between the increase in 
Mooney viscosity and concentration was: 


log (AML-4’) = 0.0273C + k” (5) 


Equation (3) can be considered to be a modification of the “Arrhenius 
equation”. We have been able to treat a number of other sets of published and 
unpublished data, for instance, that of Drogin and Bishop’, in this manner. 
For most of the data which have been examined, a appears to be constant for a 
given base mixture; and it is independent of the type of carbon black except 
when large particle size blacks like Thermax are used. In these cases the value 
of ais smaller. When the increase in Mooney values is small, as when the con- 
centrations are low, or when large particle size blacks are used, the experimental 
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error is frequently as large as the increase in Mooney viscosity. Furthermore, 
under these conditions variations in rubber breakdown during milling may be 
great enough adversely to affect the correlation. 


RELATIONSHIP WITH OTHER PROPERTIES 
NATURAL RUBBER STOCKS 


Equations (4) and (5) contain material constants, k’ and k’’, which depend 
upon the particular carbon black. It is common knowledge that there is a fair 
correlation between the oil absorption of carbon blacks and the plasticity or 
Mooney viscosity values of the rubber stocks in which they are incorporated®. 
In fact, the term “rubber absorption’’ has been used* to express the relative 
amount of rubber required per pound of carbon to produce a mixture of a given 
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3 Relationship between oil and the increase in Mooney viscosity, 
AML-4’, in natural rubber (data from Table III). 


softness (plasticity) value. This, of course, is completely analogous to the oil 
absorption values which represent the amount of oil required to wet a carbon 
black and produce a mixture with a given consistency. 

Hence it is instructive to examine the relationship between oil absorption 
and Mooney viscosity. The logarithm of the oil absorption of carbon blacks 
appears to yield a straight line function of the logarithm of the increase in 
Mooney viscosity in natural rubber stocks containing various types of carbon 
black at constant loading (Figure 3). If data obtained with samples of 
reasonably comparable densification are plotted, the relationship appears to be 
quite good. However, when samples which differ widely in densification are 
compared, it is evident that the effect of densification on the oil absorption 
values is considerable” while the effect of densification on the Mooney values is 
small. This is shown in Figure 4 where the oil absorption values for a group of 
samples of Philblack A are plotted against their apparent densities. The vari- 
ation of Mooney viscosity with densification can be seen by examining the data 
in Table III. It appears to be less than differences due to various milling tech- 
niques so that some data exhibit no trend of Mooney viscosity with changes in 
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densification. In some cases the sign of the slope is actually reversed. In these 
latter cases variations in rate of incorporation and the consequent rubber break- 
down are believed to be responsible for the reversal. Much of the scattering 
of the points in Figure 3 can be attributed to the differences in densification 
of the samples. 

Aside from acetylene black and Thermax, the samples in the natural rubber 
loading study (Table I) were all pelleted. In this case the correlation is much 
better (Figure 5). This correlation with oil absorption permits expression of 
the values of the constant k’ in Equation (4) in terms of oil absorption. Asa 
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Fig, 4.— Relationship between the apparent density of Philblack A and oil absorption. The samples 
ineluded loose black, compressed black, and pellets of various densities. The samples were not compressed 
during the test. 


result, the constants in Equation (4) can be evaluated, and for the data in 
Table I the following equation was obtained: 


log (AML-4’) = 2.23 log (Oil Abs.) + 0.0410 + 0.12 (6) 


It applies to pelleted samples of similar densification whose particle size is not 
over about 1000 A. The experimental values are compared with the values 
calculated from Equation (6) in Table I and Figure 6. 


GR-8 STOCKS 


It has been found that the correlation between oil absorption and the increase 
in Mooney viscosity (AML-4’) is less satisfactory in GR-S stocks than it is in 
natural rubber. This is because the oxygen content of the carbon black, as 
well as the oil absorption values, influences the AML-4’ values in the GR-S. 
With furnace blacks, thermal blacks, and acetylene black the oxygen contents 
of the carbon blacks are small, and the correlation is reasonably satisfactory, 
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but high values are found for the GR-S-channelblack stocks. This can be 
demonstrated graphically by plotting the AML-4’ values obtained with natural 
rubber stocks against the AML-4’ values for GR-S stocks as in Figure 7. This 
indicates that the oxygen content of the carbon black must be included in any 


Tasie Ill 


Prorverties oy CARBON Biack AND VaLugs at 50 
Parts LoApING 


4ML-4’ at 
212° F. and 


50 parts 
Linseed loading 
oil Bp. vol. 
Condi- Classi fi- absorption at 819 Oxygen In smoked 
Black tion’ cation ce. /gm. eontent*%  sheetet In 

Thermax U MT 0.34 0.82 0.00 5.5 15 
P-33 U FT 0.52 0.90 0.10 2.5 14 
Pelletex P SRF 0.84 1.27 0.51 18.0 21 
Pelletex U SRF 0.90 1.29 0.35 18.5 2! 
Kosmos 20 P SRF 0.78 1.25 0.30 22.5 21 
Statex 93 P HMF 1.07 1.46 5.5 28 
Kosmos 40 P HMF 0.77 1.25 0.21 20.0 21 
Sterling LL P HMF 0.85 1.30 0.31 23.5 28 
Philblack A P FEF 1.30 1.59 0.19 33.5 33 
Philblack A U FEF 1.60 1.72 0.28 35.5 32 
Sterling SO P FEF 1.62 1.72 0.72 37.5 38 
Statex M Pp FEF 1.58 37.0 
Statex B P FF 0.73 17.5 
Philblack O P HAF 1.20 1.59 0.62 33.5 39 
Philblack O U HAF 1.48 1.77 0.30 37.5 35 
Vulean 3 P HAF 1.23 0.75 35.5 48 
Kosmos 60 P HAF 1.13 0.57 34.0 39 
Philblack I P ISAF 1.27 $9.5 
Vulcan 6 P ISAF 1.44 1.08 41.5 
Statex 125 Pp ISAF 1.32 1.40 45.0 
Philblack EF Pp SAF 1.54 1.61 1.63 41.5 
Vulcan 9 P SAF 1.48 1.30 33.5 
Statex 160 P SAF 1.46 2.02 37.5 
CK-4 P German 1.12 1.80 3.35 21.5 
Kosmobile 77 P EPC 1.04 3.56 25.0 54 
Spheron 9 P EPC 1.08 1.635 2.09 22.5 53 
Spheron 6 P MPC 1.04 2.76 31.0 58 
Spheron 6 U MPC 1.19 2.80 25.0 53 
Spheron 3 , HPC 1.03 1.635 2.77 36.0 60 
Spheron N P CC 1.65 1.98 2.69 81.5 94 
Spheron C P CC 1.17 3.89 62.0 77 
Acetylene 

(Shawinigan) U 2.65 1.92 0.16 39.5 41 


U—unpelleted samples; P— ts. 

? Pellets were first broken up by rubbing 10 times between sheets of paper. Unpelleted samples were 
treated the same way. 0.33 gm. of carbon blac *k were placed in compression cell of 0.11 #q. in. cross-sectional 
area, similar to that used for electrical resistivity measurements by Balfour, Riley, and Robinson, J. Chem, 
Sor 1936, 456 

* Oxyge n determined by diffe rence from combustion and sulfur analyses after drying for 1 hour in a 
otream of dry nitrogen (10 ml./min.) at nf 

* These values represent the average of at least two determinations. Stocks contained only smoked 
sheets, 100 parte by weight, and carbon black, 50 parts. All stocks given as nearly identical treatment as 
possible for 8 minutes in Model B laboratory Banbury operated at 77 rpm and cooled to 140° F before 
mixing. The Banbury treatment was followed by 4 minutes milling on an open mill. Mooney viscosities 
were run at 212° F, immediately after milling. Samples were given the customary | minute warm-up. 
The M14 ‘value for the unloaded stock was 53.5. 

* These were single values 


Compound : GR-8 type X-630 100.0 Stearic acid 2.0 
Carbon black 50.0 Para flux 2.0 
are oxide 5.0 Cireosol 2-XH 2.0 
BL 1.25 Sulfur 1 


N- A lohexylbenzthiazole-2-sulfenamide 1.0 except 1.3 for channel blacks, 
ML-4’ at 212° F of the unloaded stock was 26. The mill has not cooled between batches. 
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Fic. 5.—-Relationship between oil absorption and the increase in Mooney viscosity, 
4ML-4’, in natural rubber. Data from Table | at 50 parts loading 


general equation which expresses the relationship between concentration, 
AML-4’ values and carbon black properties. An empirical equation which 
expresses these relationships for the data in Table II is: 
log (AML-4’) = 1.10 log (Oil Abs.) 

+ 0.117 X % Oxygen + 0.0273C + 0.553 (7) 
This equation has the same limitations as Equation (6). Thus we have two 
equations, (6) and (7), which express the effect of carbon black on the Mooney 
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Fig. 6.—-Comparison of SML-4’ values caleulated from equation (6) with experimental values 
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viscosity of natural rubber and GR-S type synthetic rubber. These two 
equations are of the general form: 


log (AML-4’) = m log (Oil Abs.) + n % Oxygen+axXC+k (8) 


A similar equation without the concentration term, C, was presented else- 
where", 


DISCUSSION 
At the present writing the fundamental properties of carbon black seem to 


be: (1) particle size, (2) surface area, (3) hydrogen content, (4) oxygen content, 
and (5) “strueture’’. This latter term refers to the tendency of the particles to 
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Fie. 7.—Relationship between AML-4’ values in natural rubber and those in 
GR-8 (data from Table IIT). 


agglomerate ; hence it is dependent on the forces of attraction between the car- 
bon black particles—-which are considered to be physical in nature. 

Three types of physical forces of attraction have been suggested: electro- 
static (Keesom) forces, induction (Debye) forces, and dispersion (London) 
forces. Although Keesom and Debye forces may be operating in complicated 
systems like rubber-carbon black mixtures, it is believed that the effects of the 
London forces completely dominate the picture. Electrical forces which cause 
repulsion between particles in aqueous dispersions, for example, are not believed 
to be of importance in the systems which are treated here. 

An expression for the force of attraction between two spherical particles was 
derived by Bradley in 1932". In 1937, Hamaker” derived an equation which 
was essentially the same as Bradley's. Hamaker's equation for small distances 
is: 

, A DD. 1 
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where F is the attractive force between the two spheres of diameters D, and Dz, 
and d is the distance between them. 

Bradley studied the force of adhesion between two spherical particles in 
D, + De 
which is in accordance with theory. The experimental values which Bradley 
obtained were surprisingly large, and indicate that these forces are of consider- 
able importance in determining the physical properties of practical systems. 
Bradley also attempted to evaluate the relationship between these forces and 
particle-to-particle distance, by measuring the increase in surface tension of 
dispersions of various concentrations of finely divided particles in mineral oil". 
Since Bradley's publication the author and his collaborators have made several 


contact and found that this adhesion was a straight line function of 
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Fie. 8.—-Comparison of AML-4’ values calculated from Equation (7) with 
experimental values. 


thousand of these “surface tension'’ measurements on concentrated dispersions 
of carbon black in various media. In general, it can be said that the concentra- 
tion to produce a given increase in surface tension correlates well with oil absorp- 
tion values. 

Oil absorption has been used in an attempt to obtain numerical values for 
the property called “structure”. Sweitzer and Goodrich" constructed a plot 
of oil absorption versus particle size values on rectangular co-ordinates for a 
large variety of carbon blacks. They drew a curve through those values which 
were considered to have structure values equal to 100. When the structure 
index of a new sample was desired, the oil absorption and particle size were first 
determined. Then the value of oil absorption was read from the curve for the 
carbon black with that particle size. By dividing the observed oil absorption 
by the value which was read from the curve, and multiplying by 100, a “‘struc- 
ture index"’ was obtained. This procedure might have considerable merit if it 
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were definitely known just where the reference line should be drawn, e.g., if 
we had a series of blacks with structure indexes of 100 to use for reference. 
However, most of the phenomena which can be correlated with oil absorption 
values are also dependent upon particle size, and the author has found the oil 
absorption values themselves are quite convenient to plot against other data”. 

Oil absorption is believed to be dependent upon the state of aggregation at 
the end-point, e.g., upon the forces of agglomeration in a given sample. These 
are thought to be of the type which has been termed London-van der Waals 
forces*, They are believed to vary with a power of the particle size. Hence 
we would expect to be able to express the relationship between particle size and 
oil absorption as a straight line on logarithmic paper as in Figure 9. Although 
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Kia. 9.--Relationship between the oil absorption and particle size of rubber 
grade carbon black 


the precise value of the slope is not certain at this time, the line in Figure 9 is 
drawn with a slope of — 0.67, and it seems to fit the data reasonably well. Per- 
haps further work will enable the slope to be predicted theoretically. For the 
present, Figure 9 seems to offer a satisfactory relationship. 

Aside from the effects of particle size and densification there are evidently 
other, as yet incompletely evaluated, factors which influence oil absorption. 
It can be shown, for instance, that within limits, low hydrogen content in carbon 
blacks of similar particle size and densification is associated with strong mani- 
festations of these forces. It is possible to increase the oil absorption, for ex- 
ample, by heat treatment in the temperature ranges which result in reduction in 
hydrogen content (above about 800° C). Also, these manifestations of strong 
forces usually show up in carbon blacks, whose x-ray analyses indicate com- 
paratively large crystallite dimensions (either L,, the crystallite height, or L,, 
the crystallite breadth). However, there are exceptions which have not been 
explained. Furthermore, drastic heat treatment, which reduces the hydrogen 
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content to extremely low values, produces samples with reduced oil absorption 
(structure). The material Graphon"’, is a good example of a product which is 
produced in this way. Additional study along these lines is needed. 

Perhaps a more direct approach to the property which we eall “structure 
lies in measurements of the specific volume of the dry carbon black. In its 
dry form, commerical carbon black is always thoroughly agglomerated. The 
ultimate carbon black particles are held together by physical attractive forces. 
In the agglomerated carbon black, the particles are in contact with each other. 
In this condition the forces are strongest. These attractive forces resist com- 
pression of the agglomerates, e.g., they tend to preserve the agglomerated 
structure as it exists at the time. Considerable work must be done to compact 
this agglomerated structure, as in the pelleting process. 
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Fic. 10.—Relationship between linseed oil absorption and specific volume at 
819 p.s.i. (data from Table III) 
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If we subject carbon black to pressure we must work against the forces of 
attraction which tend to maintain the agglomerated structure. The greater 
the forces of attraction between the particles, the greater is the pressure which 
is required to compact the carbon to a given density. Conversely, if the pres- 
sure is constant, the stronger the forces of attraction, the greater the specific 
volume will be. In the absence of foreign materials, there seems no other ex- 
planation to the resistance of dry agglomerated material to pressure except 
through the operation of forces of attraction between particles (and also pre- 
sumably agglomerates). Values of specific volume under pressure for a num- 
ber of the carbons studied are listed in Table III. The pressure was arbitrarily 
set at 819 psi. The specific volume measurements are plotted against oil 
absorption in Figure 10. As would be expected, a general relationship is 
evident. However, densification affects oil absorption values more than specific 
volume. Since the effect of densification on Mooney viscosity also is small, but 
apparently definite, it is felt that the specific volume measurements offer certain 
advantages over oil absorption data for correlation with Mooney viscosity data 
(Figure 11). The correlation of specific volume measurements with AML-4’ 
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Fia, 11,—Relationship between specific volume at 819 p.s.i. and the increase in 
Mooney viscosity, AML-4’, in natural rubber. 


LO6 AML-4’ IN NATURAL RUBBER 


values is satisfactory for all blacks except those made by the channel process. 
Further investigation of these samples is in progress. A considerable amount 
of work has been conducted on oil absorption measurements, and it is felt that 
additional work on specific volume measurements would be desirable. 

The increase in Mooney viscosity of natural rubber mixtures containing 
furnace, thermal, and acetylene types of carbon black is thus dependent upon 
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Fie. 12.--4AML-4’ values of rubber grade carbon blacks in natural rubber. 
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properties of the carbon black which are believed to be related to particle-to- 
particle attraction. If the dependence is not direct, it is at least directly pro- 
portional to these properties. 

The considerations in this paper lead to the obvious question: If Mooney 
viscosity values can be correlated with those tests by which the property called 
“structure” is determined, why not use Mooney viscosity values to obtain 
“structure” values? The rubber compounder usually makes determinations of 
Mooney viscosity (or some similar measurement with a plastimeter) on any 
carbon black sample which he is examining. It is quite likely that such meas- 
urements can be more satisfactorily correlated with other rubber data than oil 
absorption. This was found to be the case in correlations with modulus data”. 
The practising rubber chemist may very well look to Mooney values as an 
indication of the elusive property called “structure’’ as it applies to his rubber 
compounds. He will then automatically be reducing the very troublesome 
effects of variations in densification and milling on his results. Furthermore, 
the effects of particle size will be introduced into his correlations without separate 
determination because of their effect on Mooney values. This is at times de- 
sired. A chart of AML-4’ values for rubber grade carbon blacks in natural 
rubber is presented as Figure 12. 


SUMMARY 


The principal properties of carbon black which must be considered in the 
study of rubber mixtures containing carbon black are (1) particle size and the 
related property, (2) surface area, (3) hydrogen content, (4) oxygen content, 
and finally a property which is more difficult to evaluate but which is related to 
(5) the tendency to agglomerate. This latter term is referred to in the trade 
as a “‘structure”’ factor, and it is usually determined from oil absorption measure- 
ments. Unvuleanized rubber-carbon black mixtures are considered to be 
analogous to mixtures of carbon black and with other liquid media, for example, 
mineral oil. It has been demonstrated by Weltmann and Green that the 
“plastic viscosities’ of concentrated suspensions obey a modified “Arrhenius 
equation”. In this paper it is shown that unvuleanized rubber-carbon black 
mixtures also obey « similar equation. 

The rheological properties of concentrated suspensions are profoundly in- 
fluenced by long-range London-van der Waals forces. Some of the laboratory 
tests by which these forces are studied by colloid chemists are specific volume 
of a powdered solid under pressure, sedimentation volume, oil absorption, and 
plasticity. A correlation is demonstrated between data obtained by these 
tests and Mooney viscosity. 

A general equation is presented relating the Mooney viscosity with the con- 
centration of carbon black and oil absorption. This equation applies to all of 
the data which have been examined in natural rubber. In GR-S another term, 
the oxygen content of the carbon black, must be included. 
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STUDIES ON CARBON BLACK. III. THEORY OF BOUND 
RUBBER * 


D. 8. VILLARS 


U. Navat Ononance Tear Sration, Comwa Lake, CaLironnta 


INTRODUCTION 


Theories of reinforcement may be grouped into two general classes, mech- 
anical and chemical. The mechanical type of theory attempts to explain rein- 
forcement by alteration of direction of tear or by mechanical entrainment. 
The chemical type of theory invokes the formation of bonds between the filler 
and rubber. Because of its implication with respect to the latter, Fielding’ of 
Goodyear developed a ‘bound rubber” test. The amount of rubber bound to 
carbon black was defined as that unextractable from the raw masterbatch by 
benzene. Some ten years ago, Baker and Walker’ reported an insolubilization 
of GR-S, on mixing with carbon black, over and above the amount of naturally 
occurring gel. The amount of insolubilized polymer increases with increasing 
molecular weight of the GR-S, and a selective adsorption of the high molecular 
weight material was found. Since this phenomenon was obtained also in 
polymers where they believed chemical gelation to be impossible, the conclusion 
was drawn by them that it is purely physical—this notwithstanding the fact 
that they found that extractions at higher temperatures failed to remove the 
insolubilized polymer. 

Because the method of analysis for insolubilized polymer used by Baker and 
Walker was essentially a bound-rubber analysis, interest in the latter was 
revived and it became desirable to set up a hypothesis to explain the mechanism 
of bound-rubber formation. (Let us understand the term “rubber’’ as apply- 
ing in its more general sense as synonymous with “elastomer’’.) The present 
paper reports a theory developed by the writer about ten years ago to explain 
various observations on the hypothesis’ that bound rubber is a gel of carbon 
black particles, the bonding agent of which consists of the longer polymer mole- 
cules. The theory interprets the observed linear dependence of bound rubber 
on loading in terms of an elemental area associated with the segmental adsorp- 
tion of elastomer molecules, the molecular weight of these segments, and the 
functionality of the carbon black particles. 


ALTERNATIVE EXPLANATIONS OF BOUND RUBBER 


To account for bound rubber, there have been three schools of thought. 
H. R. Romeyn (in unpublished reports) has suggested that it is rubber chemi- 
cally combined with the black surface. H. M. Smallwood suggested that it 
might be rubber mechanically entrained by the filler. Baker and Walker be- 
lieve it to be physically adsorbed rubber. 

If mechanical entrainment were the whole reason for bound rubber, it would 


* Reprinted from the Journal of Polymer Science, Vol. 21, lasue No. 98, popes 257-271, August 1056 


Parts I and II were published in the Journal of the American Chemical Society, Vol. 69, pages 214-217 (1947) 


and Vol. 70, pages 3655-3659 (1948) 
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seem that all the bound rubber would disappear if sufficient time were allowed 
for extraction. Extended periods of extraction do not cause this. 

Observations which are indicative of the presence of bonds between the 
rubber and carbon black of fairly high activation energy are the following: 


1. Heat is necessary after mixing to develop maximum bound rubber. In- 
creasing temperature and time of heat increases bound rubber. 
2. Extraction with hot benzene does not disintegrate the gel. 


Experiments carried out by the writer some years ago showed that bound 
rubber is decreased by breakdown of rubber and by oxidative conditions. 
The parallelism between the behavior of bound rubber and the gel rubber of 
Kemp and Peters‘ suggested that the two might be identical. However, R. H. 
Ewart has pointed out that the gel of Kemp and Peters is not a true gel since 
their rubber is completely soluble in good solvents such as benzene, and what 
they have achieved was a fractionation by selective solution by poor solvents. 

Further discussions concerning the nature of the bond between rubber and 
black particle may be found in Stearns and Johnson® and in Blanchard and 
Parkinson®. Whether one prefers to consider bound rubber as a chemical 
phenomenon or as a physical phenomenon is not important to the development 
of the statistics in the present paper. For our purpose it is sufficient to agree 
that some kind of binding occurs. 


NOMENCLATURE 


(Numbers in parentheses refer to equations which define or use the quanti- 
ties.) 


a = exponent of relation between intrinsic viscosity and molecular weight, 
(36). 

b = intercept of ratio of bound rubber to black at zero loading, (37). 

c = slope of G/B vs. B curve, (37). 

d = curvature coefficient of G/B vs. B curve. 

f = mean functionality of carbon black particle. 

g = net number of segments of rubber attached to black in gel. 

h net number of molecules of rubber attached to black in gel. 

Ah, = number of i-length molecules attached to black in gel. 

i = number of segments in a particular rubber molecule. 

j = number of carbon black particles attached to a particular rubber mole- 
cule, 

k = exponent in molecular-weight distribution function, (31). 

n = subscript indicating number average, (14). 

o = subscript indicating point at which gel just starts to form. 

p = probability of a particular segment finding itself attached to a carbon 
black particle. 

q = area of elemental space on carbon black. 

w = subscript indicating weight average, (15). 

x = weight fraction, (31). 

z = number fraction. Also subscript indicating z-average, (16). 

2, «01 = number fraction of i-segment molecules remaining unattached to 
carbon black. 

zz = subscript indicating average of type, (17). 

A = total area of carbon black. 
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B = formula weight of carbon black. 
concentration of elastomer, g./100 ec., (44). 

G = weight of rubber bound to black as gel. 

I = total number of segments in rubber, (1). 

L = total number of rubber molecules. 

M = molecular weight. 

N = number of carbon black particles. 

N« = Avogadro’s number. 

P; = probability of finding j particles, attached to a molecule of 1 segments. 

P = degree of polymerization in terms of number of segments. Takes sub- 
scripts n; n, sol; w; zz. 

( = molecular area corresponding to elemental area. 

R = formula weight of elastomer (usually 100). 

S = specific surface of carbon black. 

W, = fraction of total weight of elastomer held up as gel. 

W. = molecular weight of unit segment. 

a = average number of additional attachments of carbon black particles 
per attached molecule. 

8, = average number of additional attachments of carbon black particles 
to a rubber molecule of 7 segments, already attached at one segment to a par- 
ticle. 

n = subscript indicating viscosity-average molecular weight, (35). 

[n] = intrinsic viscosity, (36) (44). 

Nep = Specific viscosity, (44). 

p = density of carbon black (taken as 1.8). 


GENERAL PROCEDURE 


The fact that one obtains bound polymer with polymers of initial zero gel 
content and the dependence of its formation on the molecular weight of a poly- 
mer suggested to the writer that bound rubber is a gel of filler particles, the 
bonding material of which consists of the longer polymer molecules. The gel 
theory of Flory’ and Stockmayer® was thereupon invoked to determine whether 
it could predict quantitative relationships. Regardless of whether the bonds 
are of physical or chemical origin, it seems fairly certain they are relatively 
permanent, and the theory is applicable in either case. 

The development of the theory is carried out in the following steps. First 
the probabilities are computed that a rubber molecule of i segments will be 
attached to j carbon black particles. By means of these probabilities the num- 
ber and weight of molecules connecting carbon black particles may be caleu- 
lated. A criterion for gel formation is developed. This tells above what load- 
ings bound rubber may be expected. From the amount of rubber attached to 
the black is derived a relationship between bound rubber and total surface area 
of the black. Also, from the amount withdrawn from the sol is derived a 
formula relating the molecular weight of the remaining dissolved rubber to 
that of the rubber originally present. 


ASSUMPTIONS 


1. It is first assumed that rubber molecules adhere by a more or less per- 
manent bond to carbon black particles and that the carbon black surface is 
completely covered. 


= 
2 
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2. It is next assumed that rubber molecules behave as if made up of seg- 
ments and that these segments are of such size that, on the average, only one 
segment adheres to a carbon black particle. (By this artifice difficulties arising 
from multiple adhesion of the same rubber molecule to the same carbon black 
particle are obviated by definition.) Each rubber segment is assumed to have 
equal probability of attachment to a carbon black particle. 

3. The total carbon black area is assumed to be divided up into elemental 
sites, the size of which is defined as the area occupied by an adsorbing rubber 
segment. The functionality f is the number of such elemental spaces per carbon 
black particle. 


PROBABILITY OF ATTACHMENT OF j CARBON BLACK PARTICLES 
TO A RUBBER MOLECULE OF i SEGMENTS 


Call p the probability of a particular segment finding itself attached to a 
carbon black particle. This probability will equal the fraction of all rubber 
segments which have the property of being attached to black. If N is the 
number of black particles, the number of segments having this property will be 
Nf since, according to assumption (1), the black surface is completely covered. 
If L is the total number of rubber molecules and 2; is the fraction of the total 
number of rubber molecules having i segments, the total number of segments J 
is: 


I=L) 24 (1) 


The probability p is, therefore: 


(total number of “sites” on black)/(total number of segments) 


NS/(L¥ (2) 


The distribution of attachments of black particles among segments of molecules 
of length i may be obtained from the binomial expansion of (p — q)*, where q 
is (1 — p). Thus if we designate Py as the probability of finding j particles 
attached to a molecule of i segments (j < 7) we have: 


i! 


GEL FORMATION 


Following Flory’s theory’ of gelation in three-dimensional polymers, gel 
will begin to form at the moment when the probability that a carbon black 
particle will be attached through a rubber molecule of any length to at least 
one other particle exceeds unity. This probability is equal to a, the average 
number of additional attachments per attached molecule, multiplied by the 
number of sites (f — 1) available for propagation of attachments. The critical 
condition for gelation ao, is thus given by: 


ay = 1/(f — 1) (4) 
The subscript, zero, is used to indicate the point where gel just starts to form. 
The average number, a, will be equal to the quotient of the number of sites 


which are connected through rubber molecules of any length divided by the 
total number of sites on the carbon black. 


P 
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Let 8; be the average number of additional attachments of carbon black 
particles to a rubber molecule of length i, already attached to a particle: 


B= 1) Pir, (5) 


j=? 


To obtain a, we multiply 8; by the probability of attachment of an i-length 
molecule and sum over all values of i. The latter probability is equal to the 
weight fraction of molecules of length i, since each segment is considered to 
have equal probability of attachment: 


a= 2a (6) 
=! i 
The summation of (5) over j may be accomplished by factoring out (i — 1)p. 
This leaves a sum which may be recognized as the binomial expansion of unity 
raised to the (i — 2) power. 
Thus from (3): 


(i — 1)! 
re! ro («— — 1)! 
; (i — 2)! 
per — 7) — 2)! 
i—2 
(i — 2)! ‘ 
(if we set k = j — 2): 
= (¢— 1) p[p + (1 — p) 
=(i—I1)p 
Bi = (t — 1)p (7) 
We thus have by (6): 
a= 2a(i — 1)p/ (8) 
i=] 


This may be solved for the eritical probability, po, where gel just starts to 
form by using (2): 
Nof 
(f — 1) Dealt — 1) (9) 


ABOVE AGGREGATION POINT 


The bound rubber in the gel may be estimated by counting the total number 
of sites attached by i-length molecules and dividing by the average number of 
contacts per t-length molecule. It may be immediately recognized that the 
number of contacts per i-length molecule is 1 + 6i. The net number of i-length 
molecules is therefore: 


za 
h = N ( = 
1 +8) = 10) 
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KoaThe net number of segments, g, is this multiplied by i and summed over 1: 


g= Lhd 


Nf 
i+ (i — 1)p 


For small loadings this is approximately : 
g = — — 1) + — (12) 
= — p(P. — 1) + — 2P, + 1) (13) 


P, = 2, (14) 
P. 24 (15) 
P, = 20? (16) 
YIELD OF GEL 

According to the theory of Flory, gel will start to form at a loading where: 


ay = 1/(f — 1) (4) 


At this point, the weight fraction of carbon black held up as gel is zero. Flory 
derived the dependence on a of the fraction, W,, of the total weight of monomer 
held up as gel but the quantitative accuracy of his relationship was called in 
question by Stockmayer*®, who suggested a linear relationship. However, the 
latter author's derivation was based on the assumption of no cyclic linkages, 
and he credited Flory with having obtained the more accurate qualitative 
relationship. 


MOLECULAR WEIGHT OF SOL RUBBER AFTER EXTRACTION 
We wish now to formulate the dependence on loading of molecular weight 
of rubber remaining dissolved. It may be recalled that Baker and Walker? 
discovered a diminution or a lowering resulting from insolubilization. If J 
is the original total number of rubber segments before attachment, the number 
of segments remaining dissolved after attachment will be J — g (see 11) where 
g, the net number of segments bound to black, is: 


g= ha from (11) 


The weight-average segmental degree of polymerization in the remaining 
sol would then be: 


Dead — 
ol = i, 80 i, 80 (18 


Factoring out the weight-average degree of polymerization of the original rub- 
ber before attachment to carbon black : 


Py 24 (19) 
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one obtains: 


Po 1 — 


/ 


=1— p(P, — Po) + — 2Po — 1) + PolPo + 


(20) 


PRACTICAL FORMULAS 


Before testing the above theory it is desirable to convert the variables to 
observable quantities. This may be done by introducing the following. Let: 
q = area of elemental! site. 
S = specific surface of carbon black. 
B = parts black |. ‘ginal mi 
in original mix. 
R = parts rubber a 
Then the total area of the black is: 
A 
Also let: 


M PWo. 

Wy = molecular weight of segment of rubber. 

Nu Avogadro’s number = 6.06 « 10”. 
G = actual weight of rubber bound to carbon black in gel. 
Q = N«q molecular area of elemental site. 


Then 
g = NuG/Wo (24) 


IT = NyR/Wo (25) 
p = Nf/I = WoNf/NAR = (Wo/Q)(A/R) (26) 


Putting these quantities into Equations (13), (9), and (22) gives the following 
practical formulas for testing purposes: 


G/B = (SMy/Q)[(1 — (M, — Wo)(S/QR)B 
+ (M,,.M, — 2M,Wo + 


= N = 34.85 for p = 1.8 (28) 


Bo = (RQ/S)/T(My — Wo)(f — 1)] (29) 


My, sol M. (S/QR)(M, on M,)B 
+ (S/QR)*{(M,, — 2M, — Wo)M, + Mu(My + Wo) (30) 


163 : 
(22) | 
(27) 


164 RUBBER CHEMISTRY AND TECHNOLOGY 


The different types of weight-average in Equations (27) and (30) may be 
conveniently handled by making use of a suggestion of R. H. Ewart. He 
found that the skewness of molecular-weight distribution curves is approxi- 
mately representable by a Pearson type III curve, commonly exemplified by 
the X? distribution: 


dz = ((k/M,)**"/k!] M*e*™/™, dM (31) 

In the above, dz represents the fraction of total weight comprised of molecular 

weights lying in the range M +dM/2. On integrating this distribution, 
Ewart obtained the following relations: 

M,/M, = 1 + (32) 

M,/M, = 1 + 2/k (33) 

M,./M, = 1 + 3/k (34) 


A further relation obtained by Ewart is pertinent to the evaluation of k: 


! 
M./M, = are 


where a is the exponent in: 


= KM* 
Use of these relations reduces equation (27) to the form: 


G/B = b(1 — cB + dB’. 


where: 


= SM,,/Q 


k+2 S 
- Wo) op 


k+2 
C+ ip Me 


Equations (38) and (39) give the useful relation: 


Wo k+2 
M, (41) 


Also: 
p = b(Wo/M,)(B/R) (42) 


Introduction of Ewart’s k into Equation (30) simplifies it into the following: 


b B 


The corresponding ratio of number-average molecular weights differs from the 
above expression by lacking the term following c in the parentheses. 


(37) | 
(38) 
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TEST OF THEORY 


Testing of the bound-rubber theory has been carried out along three differ- 
ent lines: verification of the assumption that rubber is attached to the black 
particles in the sol; determination of the constants of the theory from the para- 
meters of the experimental curves of bound rubber as a function of loading; and 
confirmation of the dependence of molecular weight of elastomer remaining in 
the sol predicted by Equation (30). 


ATTACHMENT OF SOL RUBBER TO BLACK 


According to the theory there should be a loading, Bo, below which no carbon 
black should be held up as gel. This would be evidenced by the black running 
through the filter paper which holds the stock being extracted, thereby coloring 
the sol black. In the past it was often experienced that some of the black would 


1.0 


20 40 60 
8 


Fig, 1.--Wyex in zero gel GR-8, Solid line: G/B = 0.94 0.007258. 


peptize during extraction, i.e., it would not be held up completely as gel. (For 
an example of this, see lower graph of Figure 2, 10 parts loading.) Such cases 
may be interpreted on this theory as representing loadings slightly above Bo, 
where not all black is tied together as a gel. Of course this loss of black could 
also arise in part from incomplete attachment of the rubber to the black. The 
latter could occur when insufficient time is allowed for heating the black and 
rubber. 

In order to gain further insight concerning the presence of rubber attached 
to those black particles not held up during extraction, a sol of 7.6 per cent black 
in rubber, dissolved in benzene, was centrifuged four hours at 3290 r.p.m. 
Colorimetric test of the inner layer disclosed no evidence of change in concen- 
tration of the black. Calculation indicated that a boundary 1.3 em. deep should 
have been established in this length of time. This meant that the density 
difference between particle and solvent was much less than that used in the 
calculation. This does not prove, but is in harmony with, the hypothesis that 
a film of rubber is attached to the black. It is not believed that convection 
currents which may have been present in the centrifuge cup could have ae- 
counted for loss of all concentration effects. 
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The above observations are in agreement with studies of similar suspensions 
carried out by Baker’. 


CALCULATION OF PARAMETERS 


Our best quantitative data are on dependence of bound rubber on loading. 
For a typical curve of G/B vs. B, see Figure 1 which reproduces unpublished 
results of Lawrence and Hobson on Wyex" in zero-gel GR-S. The straight 
line drawn through the points gives the empirical equation: 


G/B = 0.94 — 0,00725B 


(see Equation 37). From the intercept and the viscosity-average molecular 
weight, which is assumed to give an approximate estimate of the weight-aver- 
age, the area, g, of the elemental site may be computed, using Equations (37) 
to (40). These values are recorded in line 3 of Table I. 


TasLe I 
Bounp Rupser PARAMETERS 
GR-5 (k ~ 0.29) 


(1) Black Castex Wyex 
(2) Sw_(m.2/g.) 35.7 
(3) q(A?) 10,000 2190 
(4) f 270 180 
(5) Wo/M, 0.33 
(6) M,/1000 150 150 
(7) W./1000 9 
(8) Reference L&uH L&H 
Notes: Line 2——-specifie surface by nitrogen adsorption (Emmett method). 3-—elemental area on car- 
bon black. 4 functionality (average number of elemental areas per carbon black particle). 5-—ratio of 


mean segmental weight to weight-average molecular weight. 6 —viscosity-average molecular weight of 
rubber. 7-—-average weight of rubber segment which participates in bound rubber phenomenon 


rhe average functionality per particle, f, may be computed from q¢ and the 
average particle area by Equation (28). See line 4 of Table I. 

If we knew independently the relationship between the various kinds of 
weight-average molecular weights, we could compute Wo from the linear term 
in Equations (27) and (37). The writer has evaluated k for Hevea from an 
unpublished distribution curve obtained by Johnson". It was 1.61. For 
GR-S whole polymer, the data of R. H. Ewart and M. Wales gave a value for 
k of 0.29. Assuming the same values of k to obtain for the elastomers in the 
present experiments, one can compute the quantity Wo/ M, from Equation (41). 
Values obtained on this assumption are listed in line 5 of Table I. The cor- 
responding value of W» computed assuming Mn = M,, is listed in line 7. 


DEPENDENCE OF MOLECULAR WEIGHT OF SOL ON BOUND RUBBER 


Although experimental accuracy is insufficient to give an open-and-shut 
confirmation or disproof of Baker and Walker’s findings, it may be stated that 
the present theory is in accord with their discovery of a preferential attachment 
of high molecular weight elastomer to the filler. Preliminary work undertaken 
to confirm the results of Baker and Walker indicated that‘an ‘appreciable frac- 
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tion of the large reduction of molecular weight by selective adsorption found by 
them may be attributable to a breakdown of the material on milling. 

An initial linear dependence on loading of molecular weight of elastomer 
remaining in the sol is to be expected, according to Equation (43). Figure 2, 
an unpublished curve of Baker and Walker, shows how this expectation is borne 
out experimentally. 

A mine of data is now available in the definitive work of Duke, Taft, and 


Kolthoff". 


EFFECT OF CARBON BLACK (WPB) ON SOL-GEL 
PROPERTIES OF GR~-S INITIALLY GEL~-FREE 


K 


° 


> 


SWELLING 


VOLUME 


wo 
° 


° 
° 


GEL 


CONTENT 


10 20 30 40 50 60 70 80 90 
PARTS CARBON BLACK BY WEIGHT 


SWELLING VOLUME 


a 


INSOLUBILIZED GR-S 


Fic, 2.--Effect of carbon black (WPB) on sol-gel properties of GR-S initially gel-free® 


DISCUSSION 

Table I summarizes some of the estimates obtained of the different param- 
eters. The data were obtained by others without any particular regard for 
developing maximum (saturation) bound rubber. 

A mean elemental area of q = 2920 A?®, obtained with Hevea, corresponds 
to that which would be occupied by 67 heptane molecules on graphite. It is 
to be expected that the average elemental area occupied by a segment should 
be the same from black to black. This was roughly confirmed for various 
blacks on Hevea and for Wyex on GR-S, as far as order of magnitude goes. 


30 
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The accuracy of the determination is insufficient to justify much reliance on 
the quantitative differences. If saturation of the black surface were not at- 
tained, a larger q could be expected. Furthermore, small particle blacks might 
give larger values of q if the rubber finds it difficult to coil back around the 
particle. 

Also to be expected is that the average segmental molecular weight should be 
independent of the type of black used. This expectation is roughly confirmed. 
The average segmental size of Hevea, Wo = 55,000, corresponds to 800 iso- 
prene unite and is about one-fifth the weight-average molecular weight. 

The large sizes of the elemental area and segmental weight are not particu- 
larly surprising in view of the following considerations. Partly as a result of 
the incomplete flexibility of the carbon to carbon bonds of a polyisoprene chain 
(109° bond angles for single bonds, and no free rotation around the double 
bonds), the componenets of velocity of the kinetic motions of those parts of a 
chain which are near to an anchor point on the black surface and which can 
touch a neighboring point on that surface may well be such as to discourage 
such parts from lingering in contact long enough for an adsorption bond forma- 
tion reaction to take place. It is also conceivable that the time of contact may 
be a function of the distance from an already developed bond, increasing as one 
gets farther and farther from an anchor point. Actually, our estimate of ele- 
mental area implies a distance of exclusion of only about ¥67 heptane molecular 
sizes. 

The size of the elemental area and of the segmental weight are mutually 
consistent. Using Wall’s formula” with Z = 4 « 800 for a segment of 800 
isoprene units, we find for the root-mean-square distance between ends of such 
a segment: 


f? = 3.72Z = 3.72 K 3200 = 11900 A? 
VP = 109A 


This is in order-of-magnitude agreement with the elemental area, 3000 A?, 
which corresponds to squares of 55 A on the side. 

Of interest are the functionality values. These range from 5 for Super- 
spectra to 1750 for Gastex. According to this, blacks of particle size of Super- 
spectra and smaller should be less efficient crosslinking agents, since a mean 
functionality of three or greater is requisite to contribute to a three-dimensional 
crosslinked structure. 

The approximations (27) and (30) are valid only for small values of p. 
These are of the order of magnitude of 0.2 at the maximum loading used. 


APPENDIX 


In the computations, viscosity-average molecular weight was used for 
weight-average. It is believed that the error introduced by this approximation 
(estimated to be of the order of 10 per cent) is considerably less than that oc- 
casioned by other sources. The actual viscosity-average molecular weight 
used was that obtained by extrapolating to zero loading the curve of viscosity- 
average molecular weight of the sols (from the bound rubber extraction) vs. 
loading. In most cases intrinsic viscosities were reduced from observed vis- 
cosities by an unpublished formula of H. C. Tingey: 


Nep/C = + 0.375[9 FC (44) 
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As a check, the Martin equation was also used, according to which intrinsic 
viscosity is the intercept of the curve obtained on plotting log (n,,/C) vs. C. 
This type of plot is reputed to give a straight line through a greater concentra- 
tion range than the linear n,,/C vs. C plot. The agreement between intrinsic 
viscosity determined by the latter method and by Tingey’s equation was very 
good. 

SYNOPSIS 


On the hypothesis that bound rubber is a gel of carbon black particles, the 
bonding agent of which consists of the longer polymer molecules, a statistical 
theory is developed. The probability is first computed that a rubber molecule 
of i segments will be attached to j carbon black particles. By means of this 
probability the number and weight of molecules connecting carbon black 
particles are calculated. The theory predicts loadings below which bound 
rubber may not be expected (carbon black runs through into extract), and re- 
lates amount of bound rubber to total surface area of the black and the molecu- 
lar weight of the remaining dissolved rubber to that of the rubber originally 
present. The theory gives a logical explanation of the often observed pref- 
erential adsorption by carbon black of polymer molecules of higher molecular 
weights. 
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CARBON BLACKS FOR HIGHLY 
CONDUCTIVE RUBBER * 


M. H. anv B. B. 8. T. Boonsrra 


Reseancn & Devetorpment Derantruent, Goprary L. Canor, Iwne., 
CAMBRIDGE, MASSACHUSETTS 


The mechanism of the conductance of the electric current through a carbon 
black dispersion is still a problem which has not been completely solved. Rub- 
ber is an insulator and forms a homogeneous liquid phase, while carbon black 
is a semi-conductor and forms a dispersible solid phase. Mixtures of these two 
show electrical properties ranging from a near insulator to a near semiconduc- 
tor. 

The picture which has been generally accepted for the mechanism of con- 
ductivity in rubber-carbon black compounds is one based on through-going 
paths of carbon black particles. These through-going paths are formed by 
carbon black particles either touching or situated so close to adjoining carbon 
black particles that the electrons have a reasonable chance to jump across the 
gap. This concept implies that each carbon particle must practically touch its 
neighbor or else the continuous chain will be broken. The definition of ‘‘touch- 
ing”’ is not given in this concept. 

The number of conducting or through-going paths will be a function of load- 
ing and the particle size of the carbon black. In addition to the number of the 
paths, the intrinsic conductivity of the carbon blacks themselves, which is 
mainly a contact resistance, is of paramount importance. This picture is 
useful only if it is consistent with the various characteristics of electrically con- 
ductive rubber-carbon black compounds. 

One of the first disadvantages to the concept of through-going paths is that 
they do not appear on electron micrographs of ultrathin microtome sections. 
This may be due to a mechanical disturbance during preparation of the sample. 

In this first figure, on the left is a section of cold GR-S containing 50 parts of 
a carbon black which gives a resistivity of 43 * 10’ ohm-cm. On the right is 
a section of cold GR-S containing 50 parts of the same carbon black after heat 
treatment at 1500° C which gives a resistivity of 45 ohm-cm., i.e., ‘“conductive”’. 
Here is a difference of 10° in conductivity and yet there is no noticeable differ- 
ence in the degree of particle chaining or number of through-going paths as seen 
by the electron microscope. In fact, it is generally true that the degree and 
manner of dispersion of the carbon particles observed in a micrograph of a 
rubber compound are identical to the degree of dispersion that can be found 
when a picture is obtained with the ‘dry mount’ technique for carbon black 
alone. If some particle chaining exists in the dry black, such as is character- 
istic of the high “structure’”’ blacks, it persists in the compound. But as seen in 
Figure 1, this “structure” is not a prerequisite for electrical conductivity. 

Another disadvantage to the through-going path concept is that it does not 
account for resistivity changes with deformation. It is well known that with 


* An original contribution. Presented at the Atlantic City, N. J., meeting of the Division of Rubber 
Chemistry of the American Chemical Society, September, 1956 
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deformation such as flexing, bending, elongation, or compression, the resistivity 
increases to a high value and then decreases slowly as soon as the sample is re- 
laxed. Also, resistivity decreases with elongation after passing through a max- 
imum at about 50-75 per cent elongation. This also has been attributed to a 


MPC 50 PHR M 
RESISTIVITY 4.3x10’ OHM-CM 


MPC (1500°C) 10 PHR 
RESISTIVITY 2x10'* OHM-CM 


Fia. 1, 


breakdown of carbon chains at the lower elongations and reformation at the 
higher elongations, but it is difficult to fit all these phenomena into the concepts 
of chain breaking and reformation. 

Carbon blacks of small particle size generally impart low resistivity values 
to their compounded vuleanizates, but this is not the only factor. For ex- 


; 
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PC (1500°C) 50 PHR 
VULCAN XC-72 5O PHR 
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ample, let us return again to the first figure. The sample on the left is of 
exactly the same particle size as the one on the right, yet there is a million-fold 
difference in conductivity of the rubber compounds. 

Another difficulty with a concept of through-going chains is the fact that 
the temperature coefficient of resistivity is positive for a conductive channel 
black and negative for a conductive furnace black. Resistivity measurements 
extended to — 150° C demonstrated that the viscosity change at the second 
order transition temperature has no noticeable effect on the resistivity of the 
compound. This has been interpreted as eliminating ionic conductance as a 
possible mechanism. 

The main objection against this theory is, however, its failure to explain 
adequately the increase of conductivity with increased black loading and de- 
creasing particle size. The total length of chain that can be built from the 
number of carbon particles in a cm.’ should be directly proportional to the 
loading and inversely proportional to the square of the average particle diam- 
eter. The total chain length is proportional to the number of chains that can 
be stretched from ohe electrode of the sample to the other and should, there- 
fore, represent a simple function of electrical conductivity. The plots of 
resistivity vs. loading show clearly that the actual function is far different from 
a simple proportionality. 

It will be shown that a better relation between facts and theory is obtained 
if it is assumed that the resistivity of carbon-rubber dispersions is not governed 
by the number of through-going particle-to-particle chains but by the width of 
the gaps in these chains. This presupposes that the paths which are followed 
by the conduction electrons do not consist of chains of particles that are actually 
touching. The chains may be interrupted at numerous points by distances of 
considerably more than atomic dimensions over which the electrons jump dur- 
ing the conduction process. The probability of the electron jumping the gap 
decreases rapidly with increasing gap width and it is this function that actually 
determines the resistivity changes with loading. Lower loading means wider 
gaps in the chains, less electrons being able to jump the gap and, therefore, 
higher resistance. It turns out that the decrease in probability of electron 
jumps with widening gaps is so large that the number of gaps actually plays 
only a minor part. 

Over 25 years ago, Frenkel’ described the theory of electrical contact resist- 
ance. To establish contact between two solid conducting bodies it is not nec- 
essary that their surfaces be within atomic dimensions from each other. Con- 
duction can take place through those parts of the surfaces which lie at a distance 
several times the usual atomic distance. He has made estimates of the contact 
resistance for gap widths as large as 10 A. 

It is of interest to compute the interparticle distance when a pattern of dis- 
persion is assumed that can be fitted into a simple geometric model. The most 
simple distribution model is one in which the carbon particles are arranged as 
in a cubic lattice. It is assumed that the particles are spheres of uniform diam- 
eter. The weight loading of carbon black in rubber can be expressed in terms 
of particle diameter and separation distance by the following equation: 
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where L is the number of parts of carbon black by weight per hundred of rub- 
ber. Solving for S, the distance of particle separation, we find that: 


200 + L 
| -1] 


when p, = density of the black, taken roughly = 2 
pr = density of rubber, taken roughly = | 
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And so the distance of particle separation in a cubic lattice arrangement can be 
calculated in terms of the weight loading and the carbon black particle diameter. 

The distance of particle separation for loadings of 50 parts per hundred of 
rubber of a reinforcing rubber black is about 100-180 A. While this distance is 
considerably larger than the 10 A predicted from theoretical considerations, we 
may use it to study experimental systems. 

If two carbon blacks of different particle size are compounded at loadings 
designed to give equal distance of particle separation, will the vuleanizates have 
equal conductivity? As a first approximation the number of gaps will be 
neglected ; though there are less gaps in the case of the coarser blacks, which 
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would indicate a lower resistivity, this is only a direct proportionality, whereas 
the gap width comes in as an exponential function. 

The two carbon blacks chosen for this study were MPC and FT because 
(1) there is a six to seven-fold difference in particle diameter, and (2) particle- 
to-particle agglomeration or “structure” is minimized in channel and thermal 
blacks. In order to rule out differences in the chemical nature of the surface 
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of these carbon blacks, they were heat treated in the absence of air at 1500° ©. 
Thus, in effect, we are comparing dispersions of “clean’’ carbon spheres of 300 A 
and 2000 A, respectively. Four average particle separation distances were 
calculated for comparison: 110, 140, 180, and 380 A. 

Figure 2 shows the resistivity-loading data for these two blacks as well as 
for the original untreated samples. Neither the presence of FT or FT (1,500°) 
produces any effect on the resistivity of the vulcanizate until loadings of over 
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100 parts are used. Then compounds which are normally considered as non- 
conductive show a marked increase in conductivity. If the heat-treated blacks 
are compared at equal average distance of particle separation, as in Figure 3, 
the compounds do have equal conductivity up to a distance of 180 A. The 
original blacks also have nearly equal conductivity, but at a 10°-fold higher level. 

Thus we have a picture of the current conducted along paths that are not 
through-going chains but rather are shorter chains interrupted by short 
stretches of polymer over which the electrons have to jump. This gap width 
or particle separation distance is no doubt smaller than the calculated 100-180 

by some proportionality factor. Any agglomerating tendency of the carbon 
black particles such as the ‘‘structure’’ characteristic of the oil furnace blacks 
would tend to make this picture inadequate. This is shown by the position of 
the resistivity values for Vulean XC-72. The effect of structure is introduced 
in the following section. 


STRUCTURE, DISPERSION, AND PARTICLE SEPARATION 
A SYSTEMATIC DESCRIPTION OF THE DEGREE OF DISPERSION 
To maintain the picture of average particle separation distance as deter- 


mining for electrical conductivity and tie this in with the idea of structure and 
dispersion, the following picture is proposed as a model. 
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A. Consider all n particles in a em.’ of compound lined up in a square 
equidistant from each other so that particle separation distance iss then A = n 
(d + 8)* is the total area covered by this ‘‘mono-particular’ layer of black. 
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B. Consider this black film wrapped around a number N of larger hypo- 
thetical spheres of rubber, diameter D, like soap foam around air bubbles. 

C. The total area of these bubbles will be Nx(D + d)* which must equal n 
(d + 

D. Since there are N hypothetical spheres per em.* 


N= (D + d)* = 0.74 (closest packing of spheres) 


6 0.74 1.52 
r(D+d)* (D+d)' 
E. Filling in this N in the equation under (C) — = n(d + 8), 
D+d 
This equation gives a relationship between the diameter of the bubbles for 
a given loading (n is a function of loading and particle diameter) and the 
particle separation for a given particle size. For s = o this picture indicates 


PARTICLES COVER nid+¢s)* cm* 
ONE SPHERE OF DIAMETER D HAS A 


SURFACE AREA OF 


SPHERE OF DIAMETER D*¢ HAS AREA: 
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n(d+s)* 
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a solid sponge with walls of carbon representing maximum structure and con- 
ductivity and minimum dispersion. By decreasing the diameter of the bubbles 
(and at the same time increasing their number per cm.*), a larger area has to be 
covered which is only possible when the black particles separate. The finer 
the bubbles are, the better is the dispersion, the larger the particle separation 
has to be to cover the increased surface and, as a consequence, the poorer the 
resistivity. This continues until D is of the order of d. D can be qualified as 
the parameter of dispersion, i.e., the average sphere of rubber in which there 
is no carbon black. The smaller D the better the dispersion. This is demon- 
strated by Figure 6. With this picture (which is still greatly simplified) as a 
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model, it is possible to plot the value of D versus s at various loadings. Since 
both D and « are direct furctions of particle size, they will be expressed in the 
particle diameter, d. These plots are presented in Figure 7 for loadings of 50 
and 100 parts per hundred of rubber. For example, when the average particle 
size of the black is 300 A and the minimum required separation distance for 
electron jumps is 10 A or 1 my then the graph for 50 parts loading gives Dso 
= 4.2d = 1260A. At 100 part loading Dy would be 2.2 d = 660 A. When 
the separation distance for easy electron jumping is 5 A or 0.5 mu, then the 
figures become 


1320 A 
= 690 A 


For complete touching contact, s would be zero and, for that case, the graph 
would still give Dg = 1370 A and Dy = 700 A. According to Frenkel's 
derivation, an increase of | A in the gap between particles causes an increase of 
about a factor 10 in the gap resistance. 

When this model is accepted on a qualitative basis, it makes plausible why 
electron microscope pictures do not show the difference between well conducting 
and poorly conducting compounds as a function of dispersion. The average 
diameter of the nonblack containing sphere is 1260 A in the case of the just 
nonconducting compound and 1370 A in the case of the best conducting com- 
pound imaginable (which case is never realized). These distances are reflected 
proportionally in the electron microscope pictures and the difference is too 
small to be observed. The values for D calculated here fall in the same order of 
magnitude as the average distance between particles or particle areas observed 
on electron micrographs. 

Support for the possible actual physical existence of these areas without 
black may be found in the work of Grenquist? which shows that the globular 
consistency of latex persists in smoked sheets even after a certain amount of 
roll mill mastication. After that the globular structure is gradually disappear- 
ing on further milling but there will be still harder and softer areas on a micro- 
scopic scale, Since the particle diameter of the rubber globule is of the order 
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of 10,000 A, only fragments of these could serve as cores for the black structure 
as these have to have diameters of the order of 1200 A in a stock of 50 parts 
per hundred of rubber loading of an HAF size black. In GR-S, the latex par- 
ticle diameter is smaller which might be tied in with the higher resistivities 
obtained in GR-S as compared with natural rubber. The dimensions of coiled- 
up rubber molecules fall in the same range of magnitude, 300-1000 A in diam- 
eter. 

The new conductive black XC-72 possesses to a high degree the ability to 
retain a certain structure and to resist the dispersing action of the rubber during 
milling. In our present picture, this means that the shearing during mixing 
mainly wraps sheets of thin layers of black around microscopic rubber globules 
which maintain their relatively large size because of the tenacious structure of 
the black. Some properties of its rubber compounds are shown in Table I. 

Figure 8 shows the (small) change in conductivity of the XC-72 black as 
compared with Vulcan SC, heretofore considered the best black when retention 
of conductivity is required. 
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THE IDENTIFICATION OF FILLERS IN 
VULCANIZED RUBBER * 


Friepricu Enprer 


Lasonarory, Decuesa, Konstanz/B., Germany 


In the analysis of the filler content of any type of vuleanized rubber, it is 
desirable not only to obtain data on the filler content and its chemical composi- 
tion, but also to characterize as definitely as possible the individual components. 
In the case of vulcanizates containing carbon black, this means the identifica- 
tion of the black as a member of one of the known types of blacks, and in the 
case of vulcanizates containing white fillers, to characterize the individual 
inorganic fillers as definite physical compounds. These problems cannot be 
solved by methods of chemical analysis alone. 


VULCANIZATES CONTAINING CARBON BLACK 


For the identification of carbon blacks which have been isolated from vul- 
canizates, there are available various procedures which either individually or 
in conjunction with one another make possible in many cases a reliable classi- 
fication of a carbon black. Important criteria in this connection are particle 
size, particle-size distribution, and total surface area. In the case of carbon 
blacks which have been separated and recovered from vulcanized rubber, all 
three characteristics can be determined with satisfactory accuracy. A pre- 
requisite for the identification of carbon blacks on the basis of these character- 
istic properties is, however, that corresponding control samples are available as 
standards of comparison. 

Several procedures for the isolation of carbon blacks from vulcanized rubber 
are known. Vulcanizates of natural rubber and of Buna-S can, for example, be 
put into solution by disintegration in paraffin oil’. Oldham and Harrison? 
describe the decomposition of vulcanizates by nitric acid. A somewhat 
modified method of procedure is proposed by Amon, Smith, and Thornhill’. 
These same authors also used cresol for the decomposition of the rubber com- 
ponent of a vulcanizate. Information and directions for analyzing synthetic- 
rubber vulcanizates have been given by Frey‘. 

Among the methods still to be described below, a very advantageous proce- 
dure is pyrolysis in a vacuum’. For this dry distillation, the apparatus de- 
picted in Figure 1 has been found to be especially suitable. A sample weighing 
2-4 grams of the vulcanizate is cut into small pieces and placed in a sintered 
alumina crucible suspended by a wire in a pyrolysis tube, and the latter is 
heated during three hours up to 600° C while connected to a rotating oil pump. 
For the protection of the pump oil, it is expedient to insert a cooling trap 
(earbon dioxide-acetone). The condensable decomposition products deposit 
on the wall of the enlarged part of the pyrolysis tube and accumulate in the 
peripheral collecting channel. The weight of the pyrolysis residue can be used 

* Translated for Russer Cuemisrry Trecnnovoey from Kautechuk und Gummi, Vol. 8, No. 12, 


mages WT 302-306, December 1955. This paper was presented at the meeting of the German Rubber 
‘ociety at Minchen, October 21-23, 1954. 
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for estimating the total filler content. A portion of the residue is used for 
determining the carbon black content. 

Separation and isolation of the carbon black by dry distillation is a very 
suitable method for determining particle size and particle-size distribution. The 
pyrolysis residue is carefully pulverized, brushed through a fine screen, and 
placed on an electron-microscope slide according to the standard technique’. 
Electron-microscope photographs of preparations of this kind are not distin- 
guishable from those of specimens prepared from the corresponding carbon 
blacks in their original state. Inorganic impurities which may be present can, 
in ordinary practice, be recognized without difficulty because of their size and 
shape. 


Vokuum- 
Anschiuf 


Pyrolysengetan 
aus Quarzgics 


Sammeirinne 


Fra. 1. Pyrolysis apparatus. On the schematic diagram, Tiegel-Aushdngung is the wire suspension 
for the crucible; Vakuum-Anachlues is the connection for the vacuum; Pyrolysengefdes aus Quarzglas is the 
quartz-glass pyrolysis chamber; Sammelrinne is the collecting channel; Tiegel is the crucible; and Ofen is the 

urnace. 


For the determination of particle size and particle-size distribution, about 
3000-5000 particles are counted out. For this purpose a simple apparatus has 
been developed’, which greatly simplifies measurement of the particle diameter 
and ranks the particles in definite size groups. By means of this apparatus, 
about 1000 particles per hour can be measured without difficulty. The esti- 
mation gives the arithmetic mean of the particle diameter, and the curve of 
particle diameter of average surface area vs. particle-size distribution curve. 
In addition, the “electron microscopic surface’ can be calculated. 

If N is the total number of measured particles and n is the number of 
particles having the particular diameter d, then the sizes in question conform 
to the following relations: 
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(1) Arithmetic mean of the particle diameter : 


n-d 
N 


d, = 


(2) Diameter of the particles having average surface area: 


nd 


da = 


(3) Electron microscopic surface area: 


= 
In relation (3), 8 is the specific gravity of the carbon black (in general 1.86), 
d, is expressed in Angstrom units. 

From the number of particles which fall within the individual groups, the 
particle-size distribution curve is derived. Figure 2 shows such distribution 
curves for three active carbon blacks used in rubber. Even carbon blacks 
which are so little distinguishable by the physical properties which they impart 
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Fic. 2.—Particle size-distribution curves. The abscissa represents the diameter in my. 


to vuleanized rubber, such as CK-3, Philblack-O, and Standard Micronex, can 
be distinguished quite satisfactorily by their distribution curves. The curves 
of other types of carbon blacks, including lamp black and thermal blacks, de- 
part to a much greater extent from one another and are correspondingly easier 
to distinguish. 

In principle, electron microscopic photographs, which form the basis of 
particle-size determinations, can be made also from carbon blacks which have 


182 
_| 
| fii \ 


IDENTIFICATION OF FILLERS IN VULCANIZED RUBBER 183 


been separated from vuleanizates by the nitric acid process. In eases where it 
is possible to prepare sufficiently thin microtome sections, the latter can be 
photographed by an electron microscope and can then be evaluated by the 
method already deseribed. The technique has the advantage that processing 
of the vulcanizate is avoided, and it is especially serviceable when no value is 
attached to determining the carbon black content of a mixture. 


TasLe | 
BET Surrace Areas or A Few Tyres Carpon BLack 
(m.? PER GRAM) 


Lamp black (Flammruss) 10-35 EPC 90-100 
SRF 20-30 German channel black 95-100 
HEF 35-45 MPC 110-115 
HAF 78-85 HPC 130-140 


If a vulcanizate contains, not a single type of black, but a mixture of two or 
more types of black, then classification of carbon blacks in the way described 
involves certain not unexpected difficulties. 

A further possible means of identification of a carbon black is the deter- 
mination of the surface area of the carbon black, after its isolation from a vul- 
canizate, by the technique of Emmett, Brunnauer, and Teller® (the BET 


Fic, 3.—Example la. The upper section represents the x-ray diagram of the vuleanizate 
the lower section is a standard x-ray photograph of siliceous chalk 


Fic, 4.—Example lb, The upper section represents the x-ray diagram of the vuleanizate 
the lower section is a standard x-ray photograph of Suprex elay 


method), according to which the surface of a substance of fine particle size ean 
be determined from the adsorption isotherm of nitrogen at its boiling tempera- 
ture. The BET surfaces in sq. em. per gram of commercial carbon blacks are 
usually given by carbon black manufacturers”. 

Amon, Smith, and Thornhill’ were the first to utilize the method of measure- 
ment of the surfaces of carbon blacks which had been isolated by the nitrie acid 
processtand cresol process as a means of classifying blacks. In many cases such 
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measurements can be made more conveniently with pyrolysis residues. At 
present, however, too few measurements are yet available from which to decide 
whether this procedure is of general application. For CK-3, HAF, and lamp 
blacks, surface-area values derived from measurement of pyrolysis residues have 
been found to agree within the experimental measurements with the corre- 
sponding values of the original blacks. Just as in the method of identification 
from particle size-distribution curves, difficulties are encountered in estimating 
surface areas if the vulcanizate contains more than one type of carbon black. 
Table I gives the surface areas of a few types of carbon black. 


Taste II 
Examp_es or X~rnay Amorpuous FILLERS 
Aerosil Vulkasil Cal-Sil 
Ultrasilteg Hi-Sil AS 5 
VN 3 Durosil AS 7 


In cases where the surface-area values of various types of carbon blacks 
overlap, a definite decision can in most cases be made by reference to particle- 
size distribution curves. 


VULCANIZATES CONTAINING INORGANIC FILLERS 


In the identification of inorganic fillers, the diversity of their chemical 
compositions offers in itself a means of their easier identification. One and the 
same chemical substance may, however, exist in distinctly different physical 
forms, which can not be clearly identified by chemical methods. The most 
certain results can be obtained by determination of the crystallographic fine 
structure, as indicated by a simple Debye-Scherrer x-ray photograph". The 
application of this method is naturally limited to crystallized substances, and 
therefore crystallized substances must be distinguished from x-ray amorphous 
inorganic fillers. 


III 
EXAMPLES oF CRYSTALLIZED FILLERS 
Zine oxide Calcium carbonate Diatomaceous earth 
Magnesium oxide Kaolin Aluminum oxide 
Magnesium carbonate Siliceous chalk Titanium oxide 
Lithopone Barium sulfate 


To the class of x-ray amorphous fillers belong, among others, active fine 
silicic acids and various alumina gels. As examples, nine commercial products 
are recorded in Table IT. 

Table III shows eleven fillers which are sufficiently crystallized to conform 
to the requirements under discussion. 

A special advantage of x-ray analysis is the possibility of avoiding any 
processing of the vulcanizate and making an x-ray photograph direct from the 
original sample. With vuleanizates of complex composition, however, isolation 
of the fillers is advisable, and this can be done by conventional methods pro- 
vided that during the analysis there are no changes or only negligible changes in 
the fillers. Only a very small amount of vulcanizate need ever be used up for 
this purpose, since 100-200 mg. of sample is generally sufficient for the x-ray 
analysis. In many cases dry distillation, which also is applicable to silicone- 
rubber compounds, is again the simplest method. With systems of complex 
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composition, which give Debye-Scherrer diagrams rich in lines, manipulations 
of the separated filler mixtures can be made, by means of which individual in- 
gredients in substances can be represented by diagrams containing few lines. 
This simplifies greatly the analysis and interpretation of x-ray diagrams in any 
evaluation. Thus, fillers containing carbonate can be calcined and the carbon- 
ates thereby converted into the corresponding oxides. In the case of kaolin, 
characteristic differences are evident between the x-ray photograph of a vul- 
canizate and that of-its pyrolysis residue. In many cases a portion of the filler 
ean be extracted from the mixture by means of acids, and, as a first step in the 
analysis, an attempt then be made to interpret the diagram of the insoluble 
residue. 

The x-ray photographs require times of exposure in the range of 20 to 120 
minutes, depending on the type of vulcanizate and of the isolated filler mixture. 
Modern x-ray apparatus, however, requires no such control, and the time ex- 
pended may be regarded as short. With respect to the sensitivity of the 
method, i.e., how small an amount of each individual component of a mixture 
can be detected, there is no general rule. The limits of detection of each filler 
depends greatly on its type and the amount of accompanying substances. 

It is recommended that the x-ray analysis precede the chemical analysis, 
since it almost always gives important indications on how to carry out the sub- 
sequent analytical procedures. In the subsequent quantitative analysis it is 
sufficient in most cases, after interpretation of the x-ray photograph, to deter- 
mine the contents of the individual cations. The amounts of the anions can 
then be calculated. For the group of x-ray amorphous fillers, x-ray analysis 
gives only rough indications. The various representative x-ray amorphous 
fillers listed in Figure 2 are characterized by diffuse central rings, the exact 
analysis of which, based on the position and intensity pattern, leads to some- 
what indefinite information, the usefulness of which is not commensurate with 
the time necessary. 

In the part which follows, the operating technique and a series of repre- 
sentative cases are described. 


PREPARATION 


For taking x-ray photographs, rod-shaped specimens 0.4—0.5 mm. in diam- 
eter and 15 mm. long are required. For testing the vulcanizate itself, a small 
amount, usually 3-4 cu. mm., is finely divided. Filler mixtures isolated are 
pulverized in an agate mortar and, if necessary, are brushed through a fine 
screen. 

The finely divided or powdered samples are compressed into cellulose acetate 
capillary tubes. These capillaries can be easily made by following the direc- 
tions of Fricke, Lohrmann, and Schréder’. A warning should be advanced 
against the use of commercial medullary tubes of special glass or quartz for 
they give on the x-ray diagram a central ring in the same position as the x-ray 
amorphous substances already listed in Table II. 


PHOTOGRAPHIC TECHNIQUE 


In general, the resolving power of a Debye-Scherrer camera with 57.4 mm. 
diameter is sufficient for taking x-ray diagrams of fillers. Larger camera radii 
mean considerably longer times of exposure. 

Most substances give clear diagrams with nickel filtered copper Ka-radia- 
tion. In the presence of relatively high proportions of x-ray amorphous sub- 
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stances, which cause a general blackening of the background of the diagram, and 
aluminum foil 0.1 mm. thick placed on the film gives better results. Vulcani- 
zates containing high contents of iron oxide can be more expediently taken with 
cobalt or molybdenum radiation. When copper radiation is used, a tube 
voltage of about 40 kv. and an emission current of 20 ma are sufficient. Witha 
57.4-mm. camera and operating methods cited, the times of exposure which have 
been mentioned are correct. In this base the basis is the sensitivity of the x-ray 
film Adox which has been found to be particularly advantageous. For this 
film, Agfa x-ray developer is recommended. 


Suprex Clay 


eer | 
| 


| 


| 
| 
| 
| 


Evaluation line diagram of an x-ray diagram of a vulcanizate 


INTERPRETATION OF THE DIAGRAMS 


Two methods are available for interpreting the x-ray diagrams. The first, 
which is particularly useful for simple cases, comprises making a comparison of 
the diagram obtained for the particular sample with standard photographs of 
the pure fillers in question. To this end, contact copies of the x-ray films are 
made on ordinary photographie paper, these are cut apart along the equator of 
the diagrams, and these analytical diagrams are placed in succession on the 
particular standard diagrams. Special attention should be paid to the coinci- 
dence of lines of the different diagrams. An examination of the intensities of 
the lines is in most cases adequate for an interpretation. 

The second method is a detailed measurement of the x-ray diagram. With 
mixtures of complex composition, this is almost always necessary. The ori- 
ginal film is measured. In ordinary cases the distance of symmetrically located 
lines on the equator is measured accurately with a measuring scale to approxi- 
mately 0.1 mm. This distance is from outer edge to outer edge of the lines. 
This measured distance is converted to degrees of the reflection angles of pairs 
of lines. For photographs taken with a 57.4-mm. camera, this is done by 
halving the distance in mm. between lines. A correction of the value of the 
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angle with respect to the diameter of the rod specimen may be necessary in 
cases, where a further evaluation is desired, by determining the lattice constant 
and comparing it with values in the literature. 

The values of the angles are compiled in the form of a “line’”’ diagram, as 
represented in Figure 5, where the height of a line is made proportional by an 
arbitrarily chosen scale to the intensity of the x-ray lines concerned. This line 
diagram is analyzed by means of line diagrams of standard photographs or, 
in most cases, simply by a comparison of the experimental film with standard 
photographs. Frequently it is necessary to compare only the strongest lines 
of the diagrams. 

In simple cases, as are often met with in the analysis of silicone-rubber 
mixtures, it is possible in some cases to recognize the crystal system in which the 
fillers crystallize. In the case of cubic, tetragonal, and with certain limitations, 
also of hexagonal symmetry, it is possible to construct diagrams with a small 
expenditure of time, calculate the lattice constants, and then, by a comparison 
of values in the literature, identify with certainty the substance being analyzed. 
The most comprehensive compilation of x-ray data is, at the present time, the 
ASTM card index”, which is continually being supplemented with new data, 


REPRESENTATIVE CABES 


1. Identification of filler components by means of x-ray photographs of a 
vulcanizate and their comparison with standard photographs.—Vigure 3 shows a 
photograph of a vulcanizate and a siliceous chalk. It will be seen that the 
strongest lines of the standard photographs recur in the x-ray photograph of the 
analyzed sample. In addition, a strong diffuse central ring in the unknown 
diagram indicates the presence of one or more of the x-ray amorphous fillers 
listed in Table II]. Any further interpretation of the compositions of these 
amorphous components must depend on chemical methods. The vulcanizate 
contained the following parts of fillers per 100 parts of rubber: 


Ultrasilteg VN 3 30 
AS 5 filler 40 
Siliceous chalk 


In Figure 4 the diagram of a vulcanizate and a standard photograph of 
Suprex clay are compared. In this case too, a strong diffuse central ring indi- 
cates the presence of large amounts of x-ray amorphous fillers. The vulcanizate 
contained 10 parts of Suprex clay and 70 parts of AS 7 filler per 100 parts of 
rubber. 

2. Interpretation of the diagram of a vulcanizate based on measurement and 
construction of a line diagram.—Figure 5 represents the line diagram of a photo- 
graph of a vulcanizate which was measured as described above and which is rich 
in lines. The arrangement of the lines as shown was made by comparison of the 
analytical diagram with standard photographs. Lines were found for zine 
oxide, magnesium carbonate, kaolin, and titanium oxide. The presence of the 
fillers in Table II is indicated by a diffuse ring. 

The vulcanizate contained in parts per 100 parts of rubber: kaolin 104, AS 5 
50, Cal-Sil 70, magnesium carbonate 32, zine oxide 40, titanium oxide 29. 

3. Determination of a combination of fillers from x-ray photographs of a vul- 
canizate and a pyrolysis residue.—As is evident from a comparison of the photo- 
graph in Figure 6 of a vulcanizate (a) with standard photographs of magnesium 
carbonate (b) and of magnesium oxide (c), the majority of the lines of the analyt- 
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ical diagram pertain to these two compounds. At the point marked x on the 
standard photograph there is, however, a line of strong texture. This indicates 
the presence of another component. The vulcanizate was, therefore, pyrolyzed. 
The diagram (d) of the pyrolysis residue shows that all magnesium carbonate 
has been converted into magnesium oxide. According to the extent that the 
several lines in the middle of the diagram disappear as a result of decomposition 
of the magnesium oxide, the line texture becomes clearer. A comparison with 
standard photographs shows that the innermost five lines of the diagram of the 
pyrolysis residue are characteristic of diatomaceous earth (e). 


Fic, 6.--Example 3. The top photograph (b) repreoduces a standard photograph of magnesium 
carbonate; the next diagram (a) is that of the vulcanizate; the middle photograph (c) is a standard photo- 
graph of magnesium oxide; the diagram (d) above the bottom photograph is a diagram of the pyrolysis 
residue, and the bottom photograph (e) is a standard photograph of diatomaceous earth. 


If the pyrolysis residue is calcined, the magnesium oxide diagram becomes 
very much sharper, while at the same time new lines which appear show that 
certain of the components in the filler mixture have reacted with one another 
during calcination. 

In another vulcanizate studied, magnesium carbonate in addition to magne- 
sium oxide and diatomaceous earth were identified. This vulcanizate contained 
the following fillers, in parts by weight per 100 parts of rubber: magnesium ear- 
bonate 165, magnesium oxide 15, zine oxide 10, and diatomaceous earth 40. 
The zine oxide was not evident either in the x-ray photograph of the vulcanizate 
or in that of the pyrolysis residue. The appearance of the likewise small pro- 
portion of magnesium oxide indicates that the magnesium carbonate contained 
a high percentage of magnesium oxide. 


— 


IDENTIFICATION OF FILLERS IN VULCANIZED RUBBER 189 


4. Analysis of a silicone-rubber mixture of unknown origin by crystallo- 
graphic interpretation of its x-ray diagram.—The x-ray diagram of the pyrolysis 
residue of a silicone-rubber mixture of unknown origin shows, in addition to the 
lines of zine oxide, only a few supplementary interferences. Irregularities in 
the intensities of the lines of zine oxide indicate that a few lines on the second 
diagram coincide with the zine oxide interferences. 

The diagram was measured and the line intensities were estimated. Angle 
values and intensity data are recorded in columns | and 2 of TableIV. Taking 
into account the indicated coincidences of lines resulting from intensity dis- 
placements on the zine oxide diagram, the interferences recorded in columns 3 
and 4 are obtained from the second diagram. The lines indicate a cubic 
structure. The hkl values are given in column 5. The calculated lattice con- 
stant has the value a = 3.82 A. An examination of the ASTM card index" 


Tasie IV 
EVALUATION OF A oF 
(The intensities are recorded on the basis of the scale of the ASTM card index) 


5 
hkl 


100 
110 


111 
200 


211 


220 


53.5 ms 400 

411 
58.6 m 330 
61.2 ms 331 


shows that these values for the lattice constants and the intensity pattern of the 
diagram agree with the data of the ASTM index for CaTiO,. An analytic con- 
firmation of this was the presence of large amounts of titanium in the sample. 

In the case just described, it was therefore, possible to determine with cer- 
tainty an unusual substance used as a filler, without any standard substance for 
comparison, solely from x-ray data and with a very small expenditure of time. 

From the weight of the pyrolysis residue the total filler content of the mix- 
ture was calculated to be 44.5 per cent. The determination of zine gave a con- 
tent of 38 per cent, based on the pyrolysis residue, so that the calcium titanate 
probably amounted to 62 per cent. This agrees quite satisfactorily with the 
calcium content of 17.5 per cent, determined analytically. 

The method described for the analysis of mixtures of fillers by means of x- 
ray photographs becomes the more informative, the greater is the amount of 
standard material for comparison available. Above all, it is necessary to know 
the change which the fillers concerned undergo during pyrolysis or by calcina- 
tion of the pyrolysis residue. Both in cases where a quick examination of the 


1 2 3 4 : 
11.7 11.7 
15.9 m 
16.6 stet 16.6 stst 
17.2 ms 
18.2 m 
20.4 s 20.4 
23.7 stst 23.7 st 
28.4 ms 
29.5 st 20.5 st | 
31.5 ms 
34.0 ms 
34.6 mat 34.6 m || 
39.4 m 
45.0 8 
47.8 
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major components of a mixture is desired, and in cases when the purpose is to 
obtain exact information on the individual components, the method is by itself, 
or in conjunction with other methods, particularly informative. 

For the identification of x-ray amorphous fillers, recourse can be had, in 
addition to chemical analyses, to the same methods which were described 
earlier in this work for the classification of carbon blacks. For the majority of 
these amorphous fillers, however, no data have up to the present time been 
available concerning particle sizes, particle size-distribution curves, or exact 
surface areas. 
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OF FILLERS IN VULCANIZATES * 


Fr. GLANDER 


Cuemica, Lanoxatory, ContinentaL Gumui-Werke A.G., Anuem/Hannover, 


DETERMINATION OF CARBON BLACK 


The following three methods for the determination of carbon black in vul- 
canized rubber can be regarded as essentially different in procedure : 


(1) Wet decomposition of the vulcanizate. 


(a) By effective organic solvents; for example, by the general rubber 
solvent method of the American Society for Testing Materials and 
by the oxidative method, using butyl hydroperoxide and osmium 
tetraoxide’. 

(b) By concentrated nitric acid’. 


Removal by distillation of the volatile components in a current of inert 
gas. As inert gases, nitrogen‘, carbon dioxide®, and hydrogen® have 
been specifically recommended. 

There always remains the possibility of determining carbon black by 
difference, provided that all other components can be determined with 
sufficient exactness. This kind of determination is, of course, not 
limited to carbon black, but it is a method which is expedient to fall 
back upon when no better direct methods are available. 


After the vulcanizate has been decomposed according to method (1) or 
method (2) and when in the ideal case the mixture of carbon black and fillers 
has not been changed in any way by the treatment and has been isolated, the 
carbon black is burned in an atmosphere of oxygen or air. In principle, the 
carbon dioxide evolved can be determined by any of the methods adapted to the 
purpose. The method of determination by loss of weight on combustion or by 
absorption in a soda-lime tube appears to have gained widespread use. 

The two procedures for method (1) cited above are more tedious than those 
of method (2), and experiments of our own have demonstrated that, in con- 
formity with reports in the literature, the great difficulty lies in the separation 
by filtration of the carbon black and fillers, and of these alone. These methods 
are, therefore, not any more accurate than is the more convenient method of 
calculation by difference. 

In our studies in the Chemical Laboratory of the Continental Gummi- 
Werke A.G., we have turned to the possibilities of method (2). 

In distillation in an atmosphere of nicrogen, success depends Jargely on the 
use of nitrogen containing no oxygen, since otherwise the carbon black may 
begin to burn during the operation. Under such conditions, the residue toward 
the end of the boat where the nitrogen enters can be seen to become more or less 


* Translated for Russex Curmistry anp Tecunovoey from a printed version of a paper presented at 
the meeting of the German Rubber Society at Hamburg, June 7-9, 1956 
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free of carbon. In addition, most fillers, including carbon black, undergo changes 
which depend on both the time and temperature, as will be described later, and 
which naturally also influence the values obtained for carbon black. These 
changes include, on the one hand, the evolution of carbon dioxide from carbon- 
ates, of water from kaolin, etc., and on the other hand, changes in the zine oxide 
as well, which is always present in vulcanizates, and which is reduced in part, 
according to the experimental conditions, to zine, which then distils away. 

The phenomena just described for the procedure with a current of nitrogen 
are true also when the protective atmospere is carbon dioxide. Here, in addi- 
tion, the temperature must not exceed about 550° C, for otherwise the equilib- 
rium reaction of Coudouard: CO, 4+ C = 2CO, plays a part in the process. It 
is obviously bad if, in trying to obtain analytical data, a reaction continues only 
to partial completion within a chosen definite time and temperature range. 
Reliable results can be obtained only if it is certain that the particular reaction 
continues to completion or else does not, from a practical standpoint, take place 
to any appreciable extent. 


fig 7 


| 


A 


Fie, 1.—-Sehematiec diagram of the apparatus used for the determination of carbon black and of zine 
oxide. A an flask with a small amount of concentrated sulfuric acid to regulate the as we of the 
current of B—-Quartz tube, about 22 mm. outside diameter. C—Tubular furnace. “Flask i in 
which to co lect the distillate. 


In the determination of carbon black using an atmosphere of hydrogen, the 
elemental carbon of the carbon black does not react, and therefore in this case 
complete absence of oxygen in the hydrogen is not necessary, since at the temper- 
atures employed, any oxygen supposedly combines with hydrogen. Further- 
more, decomposition reactions often take place in an atmosphere of hydrogen at 
the particular temperature more rapidly or at lower temperatures’. In our 
experiments on the determination of carbon black using a current of hydrogen, 
partial combustion of carbon black which is characteristic of the procedure with 
nitrogen at a higher temperature has never been observed. 

The apparatus used in the experiments is shown schematically in Figure 1. 

The finely cut sample (about 150 mg. if the carbon content is expected to be 
around 30 per cent) is weighed in a glazed procelain boat (width: height: length 
about 8:8:40 mm.) on a semimicrobalance. This boat is then placed ina 
larger sliding carriage. According to the size of the tube furnace and number of 
carbon black determinations, two or three smaller boats can be placed in the 
sliding carriage. Furthermore, several carriages instead of only two can, of 
course, be inserted side by side in the furnace. 
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TasLe 


Blank value for 
carbon black content 
(approximate 


Material percentage) 
Butyl 301 0.1 
Smoked-sheet rubber 0.1 
Buna 8-3 0.1 
Buna 8S 0.2 
Perbunan 2818 1 
Perbunan 3810 2.5 


Neoprene GNA 


~ 


The boats containing the weighed samples are now pushed to the middle of 
the furnace, the air is expelled by a strong current of hydrogen (about 100 ce. 
per min,), and the furnace is heated, by means of a power regulator, to 950° C 
during a period of about 40 minutes. The temperature is then held at 950° C 
for about 20 minutes. After cooling in a current of hydrogen and keeping the 
sample in a desiccator, the intermediate weight, W,, is obtained, the carbon black 
is then burned in an incandescent furnace, and, after cooling, the residue, Wo, 
is again weighed. 

% Carbon black = (Ws Ws) 
Ew 

Table I gives some blank tests of raw materials which are to be expected in 
vulcanizates, carried out by the procedure described above. 

For the present study of the determination of carbon black, the blank values 
for carbon black in Neoprene and in elastomers containing acrylonitrile were too 
great, so all further tests now to be described were, therefore, confined to the 
first three vulcanizates listed in Table I. 

Blank tests of some carbon blacks are shown diagrammatically in Figure 2. 

If the American classification is used as a basis, furnace blacks manufactured 
by the gas process (1) stand at the top with the highest carbon black = C con- 
tents. Then follow thermal blacks (II), then the important group of furnace 
blacks made by the oil process (III), and finally the channel blacks (IV). 
Within one group of blacks, the active blacks show, in general, the higher losses 
on heating, e.g., Philblack A x,, Philblack O x2, Philblack I xg, and Philblack 
E xs. The German blacks, Durex O and CK 4, as examples, would be classed 


%"Rub" 
100%4 _I 
I 
90% 
RuBart 
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as approximately 98.5 per cent and 91.5 per cent blacks, respectively. We see 
here the carbon blacks nicely arranged on a narrow sectional area, and con- 
sequently the possibility of checking carbon blacks easily and in a reproducible 
way with very little material instead of by the antiquated empyreumatic 
method of determination. 

However, this latter method appeared at first to be an obstacle in ordinary 
carbon black determinations, since the amount of carbon black in the mixture is 
the value desired, and in the experimental work it was proved that the losses on 
heating enter into the determination of carbon black. 


Tasie II 
Carson Biack Contents Percenrace or Four Syntrueric Rupper 


VULCANIZATES, DeTeRMINED AFTER HEATING at 950° C 


Vuleanizate Caleulated Durex O Philblack O Philblack EF CK4 
Buna 8 IIT 26.8 26.6 26.3 25.7 24.95 
Smoked sheet 29.0 28.6; 28.2 27.7 26.45 
Buty! 301 30.0 20.6 28.95 28.2; 27.55 


The experimental procedure described above for vulcanized rubber as typi- 
fied by Buna 8 III, smoked-sheet rubber, and Butyl 301 gave carbon black 
values which varied with the type of black and which are exemplified by the 
data in Table II. The only light colored filler in these mixtures was zine oxide. 

The percentages recorded in Table II represent practically limiting values, 
and this fact makes it possible to apply a correction when it is known what type 
of carbon black the vuleanizate contains. Many times this can be ascertained 
when the vulcanizate has been prepared in home manufacture; at other times a 
choice within reasonable limits can be made from practical considerations, al- 
though from the viewpoint of the analytical chemist there naturally should be 
no reliance placed upon such evidence alone. Microscopic examination offers 
a further means of obtaining essential evidence, in addition to which a second 


Tasie III 


Carnpon Brack ConTents IN Percentace or Four Syntruetic Rupper 
VuLcCANIZATES, DerermMiIned Arrer Heatine at 550° C 


Vuleanizate Calculated Durex O Philblack O Philblack E CK4 
Buna § IIT 26.8 7.4, 27.35 27.2 26.75 
Smoked sheet 29.0 29.4 29.2, 29.15 28.2, 
Buty! 301 30.0 30.4 30.0 29.75 29.4 


wholly different kind of method is doubtless of advantage as a source of still 
further information. If both indications regarding the type of black are in 
agreement, the probability of their correctness is greatly increased. 

Determination of carbon black at relatively low temperatures is particularly 
indicative of the type of carbon black. 

Table III gives analyses of the carbon black contents of the same vuleani- 
zates shown in Table II, determined after treatment with a current of hydrogen 
at 550° C, 

In each case the sample was heated during a period of 20 minutes to 550° C. 
In contrast to the values obtained by heating at 950° C, these results do not 
represent limiting values. The difficulty is then an initial end-point determina- 
tion. However, it was found that only after the volatile components (rubber, 
plasticizers, etc.) have been distilled off, is there any loss on ignition of the 
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TaBLe IV 


Carson Biack ConTEeNTS AND Resipves or THE VULCANIZATE 
AFTER Various Times or DISTILLATION 


Length of time when 


distillation was Carbon black Residue 

stopped (min.) content (%) (%) 
10 72 (approx.) 3.25 
20 29.4 3.2) 
30 29.4; 2.82 
45 29.3 1.95 


carbon black and any subsequent reduction of the zine oxide and consequent 
loss of zinc by distillation. This behavior is exemplified by the Butyl 301-CK 4 
black mixture, data on which are shown in Table LV. 

In Table III, the carbon black content for the 550° C method is in each case 
the lowest value obtained, with the highest or only slightly less than the highest 
residue. The highest residue is practically equal to the ash. By incineration 
of the Butyl 301-CK4 vulcanizate at 950° C, the ash obtained was 3.1, per cent. 

As can be seen from Table IV, the carbon black hardly changes at all through 
a considerable period of time. An experienced analyst will, therefore, have 
already obtained the desired carbon black value for 550° C after only two or 
three weighings. The ash content is also determined simultaneously. 


TaBLe V 


DIFFERENCES OF CARBON BLACK DETERMINATIONS Expressep IN Eacn Case IN 
PERCENTAGE OF THE CARBON Biack ConTEeNT ror 950° C 


Vulcanizate Durex O Philblack O Philblack FE CK 4 
Buna 8 ITI 3.2 4.0 5.8 732 
Smoked sheet 2.6 3.7 5.2 6.8 
Buty! 301 2.7 3.6 5.3 6.7 


Table V shows the differences between carbon black determinations after 
treatment at 550° C and at 950° C, expressed as percentage of the carbon black 
content for 950° C, and rounded off to the first decimal place. 

The values in Table V for the Buna § III series are throughout somewhat 
higher than the corresponding values for the smoked sheet and Buty! 301 vul- 
canizates. 

It is probably safe to assume that other carbon blacks could be arranged in 
this table in accordance with their blank values. It should be possible, there- 
fore, to decide upon the type of black and thus, with the blank value, to make a 
correction for the carbon black content for 950° C. 

Table VI gives the corrected values of the carbon black contents. 


Taste VI 


Correctep VALUES OF THE CARBON BLACK ConTENTS or THREE VULCANIZATES 
ContTAINING Four Dirrerent Types or Carson 
(Tue Vatues Are IN Percentage) 


Vuleanizate Calculated Durex O Philblack O Philblack F CK4 
Buna 8 III 26.8 7.0 27.0, 27.1; 27.0; 
Smoked sheet 29.0 29.0% 29.05 29.2, 28.7 
Buty! 301 30.0 30.0, 29.82 29.8 29.8, 
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DETERMINATION OF ZINC OXIDE 


In an investigation some time ago which has not yet been published, we 
determined the zine oxide content of the ash obtained at 950° C of vulcanizates 
heated at elevated temperatures in a current of hydrogen. This method is not 
based on any new principle® and has been used chiefly for the concentration and 
determination of small amounts of zinc. Von Geilmann and Neeb have 
recently published a paper on the subject’. 

For determining the zine oxide contents of the ash of vulcanizates, the ap- 
paratus shown in Figure | was again employed. 

The behavior of some fillers which are present along with zinc oxide in 
ordinary vulcanizates or are formed during the ashing are shown in Table VII. 

Unless noted otherwise, the values were obtained by treatment for 30 min- 
utes (calculated from the beginning of the rapid heating) at 950° C. 

Whereas zinc oxide is reduced quantitatively and zinc distils away, Kaolin 
K, as an example of a filler containing silicic acid and (or) aluminum oxide, and 
also alkaline earth carbonates (except barium carbonate), oxides, and hydrox- 
ides undergo in the analytical treatment in a current of hydrogen only the same 
changes that take place in ordinary practice as well as on ignition in an incan- 
descent furnace at the same temperature. 

Barium carbonate (technical grade) behaves in a surprising way, in that 
its loss on ignition in a current of hydrogen at about 950° C is practically the 
theoretical value, whereas in a current of air at this same temperature, the loss 
is almost inappreciable. The natural assumption that in a current of hydrogen 
the small amounts of CO, evolved at this temperature are permanently removed 
80 that the final loss on ignition is relatively great can be shown to be invalid, 
because in a current of nitrogen, the loss on ignition is only a Jittler greater than 
it is in the incandescent furnace alone. Therefore the same influence seems 
to be at work as has been described by Hiittig and Heinz’ for calcium carbonate. 


Taste VII 
Filler Loss on ignition Remarks 


Zine oxide 100 


Whiting I 42.6\ Corresponding to the loss on igni- 


Kaolin K 13.7 


Titanium dioxide 3.5 The materia] turned blue-green 


tion in the incandescent furnace 


Titanium dioxide (after treat- 
ment for 2 hrs. at 750-800° C) 0.1 The material remained white 


Magnesium oxide (heavy type). 
(Preliminary heating for 2 
hrs. in the incandescent 
furnace at 950° C = 9.0% 
loss) 


Litharge 38. No lead beads in the boat. Theo- 
retical loss 7.17%, based on the 
assumption that the reaction is: 
PhO Pb 


Red iron oxide I t Theoretical loss 30.06%, based 
on the assumption that the 
reaction is: He Fe 
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Taste VII (Continued) 


Filler Loss on ignition Remarks 

Barium carbonate (technical 21.1) At 950° C in the incandescent 

grade). (After additional 22.1/ furnace, hardly any evolution 

treatment for 45 min.) of CO, takes place. Theoretical 

loss on ignition 22.3% 

Barytes (technical grade). 

(Preliminary drying for 3 hrs. 

at 150° C gave 0.05% loss.) 

BaSO, may be found in the 

ashing of sulfur-bearing vul- 

canizates containing barium 

compounds 


Barytes (same as previous, Qualitative test for S~~ in the 
but treatment for 1.25 hrs.) residue strongly positive 


Calcium sulfate (CaSO,-2H,O 
heated 2 hrs. in an incandes- 
cent furnace at 950° C, loss 
20.15%). CaSO, may be 
found after the ashing of sul- 
fur-bearing vulcanizates con- 
taining calcium compounds 


Calcium sulfate (same as of Qualitative test for S-~ in 
revious, but treatment residue strongly positive 
or 2 hrs.) 


Magnesium sulfate (MgSO, - 
7H,O heated 2 hrs. in an in- 
candescent furnace at 950° C; 
loss 49.5%). MgSO, may be 
found after the ashing of sul- 
fur-bearing vulcanizates con- 
taining, in addition, mag- 
nesium compounds 


Magnesium sulfate (same as 5. Qualitative test for 8~~ in the 
previous, but treatment for residue slightly positive 
4 hrs.) 


Titanium dioxide is partially reduced in a current of hydrogen at 950° C; 
at 750-800° C the reduction is inappreciable. (At this temperature zinc oxide 
already shows considerable volatility in a current of hydrogen.) 

Iron oxide is reduced quantitatively to iron. In this case, therefore, a cor- 
rection can, as a principle, be made for iron if it is known in what form the iron 
is present in the ash. It is still to be proved to what extent this is practicable 
ordinarily. 

Litharge is reduced to lead. Since lead also is appreciably volatile at the 
temperature in question, a correction in this case is still more difficult than in 
the case of iron. The choice of a temperature at which the volatility of zine is 
great enough for practical analytical use and yet the volatility of lead is small 
enough to be negligible, as has been described* in connection with other analy- 
ses, might here too be the solution to the problem. Experiments to settle this 
have not yet been completed. 

The values obtained for calcium sulfate and barium sulfate indicate that 
these compounds are preponderantly reduced to their sulfides, whereas magnes- 
ium sulfate is to a great extent reduced to the oxide. 
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Tasie VIII 


Zine oxide 
Ignition loss in content 
Ash from eurrent of hy- (% based Fillers 
Vulean- oven at drogen (% based on the in addi- 
izate 950° C on the original first tion to Base elastomer 
no (%) material) recipe) zine oxide of the mixture 


j 2.8, 1.9, 2.0 . Natural rubber 
+ styrene 
-bearing 
mixed polymer 
60.0, after — 
treatment for 
1 hr.* 
60.0 after TiO, Natural rubber 
3 hrs. at 750 Kaolin 
800° C** 


16.5 5.45 (cor- 3. Whiting Natural rubber 
rected 3.4,) 


* The residue was bluish green 
** The residue remained white 


Table VIII records some zine oxide determinations by this procedure with 
three different vulcanizates. 

The losses on ignition of Sample | and 2 of Table VIII agreed very well 
with the zine oxide calculated from the compositions of the mixtures, whereas 
the loss on ignition of Samples 3 was almost 2 per cent higher. 

lodometric analysis of the ignition residue of Sample 3 gave a S~~ content 
(based on the original material) of 0.997 per cent. If it is assumed that the re- 


action is: CaSO, om + Cas, then the total loss on ignition, which, in addition 
to volatilization of the zine oxide, is the result of reduction of CaSO,, is equal 
to 1.9, percent. The zine oxide content corrected in this way thereby becomes 
3.44 per cent, and thus agrees with the calculated value. 

The determination of zine in brass, galvanized iron, and similar materials 
can be carried out by this same procedure without modification. The method 
is not, however, applicable to the determination of zinc oxide in vulcanized 
Neoprene since in this case zine oxide volatilizes during the ashing". 


COMBINED DETERMINATION OF CARBON BLACK 
AND ZINC OXIDE 


A combination of the two determinations, whereby both carbon black and 
zine oxide can be determined, at the same time, then suggests itself. 

In the discussion of the determination of carbon black in vulcanizates it was 
explained that in the determination of the carbon black content at 550° C, 
the ash content is obtained simultaneously. If now the residue from the carbon 


TasLe IX 


Residue from Residue from Zine oxide 
carbon black earbon black content 
determination determination based on the 
at 550° C at 950° C Difference composition 


Vuleanizate (%) (%) (%) 


Buna 8 III 5.3; 0.7, 5 4. 
Smoked sheet 3.92 0.2, 3. 3. 
Buty! 301 3.2; 0.2 3. 3. 


5 
6; 
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black determination at 950° C is subtracted from this value, this difference 
must represent the zine oxide content. 

Table LX gives the zine oxide contents, determined by this method, of the 
preceding vulcanizates containing CK 4 black, compared with the corresponding 
contents based on the actual composition of the mixtures. 

These results show clearly the possibilities of the combined determination 
of carbon black and zine oxide in a current of hydrogen for vuleanizates which 
contain around 30 per cent by weight of carbon black and a low percentage of 
zine oxide, as is so frequently found in practical rubber goods, such as tire 
treads. With reference to an extension of the method to vulcanizates which 
contain other light colored fillers and to some improvements in the procedure, 
work is still in progress. 


SYNOPSIS 


The determination of the carbon black and zine oxide contents of vuleani- 
zates is a problem with which the analyst in a rubber laboratory naturally has 
frequently to face. New data on the determination of carbon black are pre- 
sented and discussed, with the aid of which it is possible not only to express 
analytical results on a strictly quantitative basis, but which give indications of 
the particular type of carbon black in question. 

In addition, a new method of determination of zine oxide in vulcanizates 
is reported, and finally the possibility is pointed out of determining the carbon 
black content and zinc oxide content of a vulcanizate in one operational proced- 
ure. In this way the time necessary for a complete series of analyses is greatly 
shortened. 
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SECONDARY SOFTENING REGIONS OF COPOLYMERS, 
MIXED POLYMERS, AND GRAFT POLYMERS * 


R. Ecker 


Runsern ano Prasrics Division, Bayer, A.G., Leverkusen, Germany 


INTRODUCTION 


A polymer is a macromolecular substance which is built up from individual 
monomeric units by a process of chemical linking into a long chainlike sub- 
stance. Figure | is an attempt to give in schematic form a picture of the gen- 
eral structures of three purported types of copolymers, mixed polymers, and 
graft polymers. 


CHEMICALLY HOMOGENEOUS POLYMERS 


Among representative homogeneous polymers are natural rubber as a poly- 
isoprene and polychlorobutadiene, known under the trade name of Neoprene. 
Likewise polystyrene and polyacrylonitrile are chemically homogeneous poly- 
mers, known by the trade names of Dralon or Orlon, Buna-85, and Buna-115. 
These last two polymers are synthesized from butadiene with sodium or potas- 
sium as catalysts. 


COPOLYMERS 


The best known copolymers are Buna-8, Buna-SS, and Perbunan; Buna-S 
and Buna-SS are synthesized from butadiene and styrene, while Perbunan is a 
copolymer of butadiene and acrylonitrile. Rubber and plastics technologists 
are familiar with a long series of copolymers. The macromolecules of these 
copolymers are synthesized, not from a single monomer, but from two or more 
monomers. In most cases the proportion of the monomers is not 1:1, rather, 
the second component is in smaller proportion. Recently copolymers which 
are synthesized not only from two but from three or more components have 
become of importance. 


MIXED POLYMERS 


Mixed polymers are prepared by mechanically blending two polymers or 
copolymers, either in the form of latex or in the solid state. Mixed polymers 
of this character have already found wide technical applications. Geon poly- 
blends may be mentioned as one example. These are mixtures of butadiene- 
acrylonitrile polymers with polyvinyl chloride. Here the blending is carried 
out with the two latexes. To obtain the hardness necessary for rubber soles 
and floor coverings, copolymers containing high percentages of styrene, such 
as Duranite, are frequently added to natural rubber and to synthetic rubber. 
Such vulcanizates are likewise regarded as mixed polymers. 


* Translated for Russen Cuemistrry anp Tecunoiocy from AKautaschuk und Gummi, Vol. 9, No. 6, 
pages WT 153-159, June 1956 
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GRAFT POLYMERS AND BLOCK POLYMERS 


A graft polymer is composed of molecules of a polymer or copolymer to 
which are attached, by subsequent treatment, e.g., by direct reaction or by 
polymerization, chains of another polymer or aad mer at different points of 
the original chain. The process often involves addition of the second or third 
component in the monomeric form to the latex or to the original polymer in the 
aggregate state. If the mixture is then activated so that polymerization takes 


Cnemisch einheitlicne 

} Polymerisate 
(26 Bune 05, 
Potychioropren, Poi ystyret 


(26. Bune ode Bune 55) 


\ 3a 


Polymerisatgemiscne 


Ptroptpolymeres 


block-polymers 
» 4b 


Fic. 1.—Diagrammatic representation of the structure of socalled copolymers, mixed polymers, and 
graft polymers. On the diagram, the legends from the top downward are as follows: | . vemnical home 
geneous polymers (e.g., Buna-85; natural rubber; polychloroprene, and polystyrene) ; Copolymers 
(e.g., Buna-8 or Buna-88) ; 3a and 3b.—Mixed polymers; 4a. polymers; 4b Bloc polymers 


place, graft polymers are formed by propagation effects or by activation of 
residual double bonds or particular groups of the first polymer. In addition, 
molecules which are built up only of the added monomer also are formed. 
Sometimes these can be separated from the graft polymer, and in this case it is 
difficult to decide whether a product is a graft polymer or a mixed polymer. A 
special case of graft polymers are so-called block polymers, whose molecules are 
essentially linear. They may form under certain conditions in the normal 
process of copolymerization. 
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DEPENDENCE OF DEFORMATION PHENOMENA ON THE TEMPERATURE 
AND ON THE RATE OF DEFORMATION 


In the study of any deformation process of high polymers, two character- 
istic curves can always be constructed, one of which shows the dependence of 
the deformation process on the temperature, the other its dependence on the 
rate of deformation. In addition, for dynamic processes, the dependence on 
the frequency can be shown. Figure 2 is a diagram illustrating these relations. 
One curve shows the resistance to deformation and is S-shaped. The other 
curve corresponds roughly to the Gaussian distribution curve, is bell-shaped, 
and shows the energy relations in the deformation phenomena. In every type 
of deformation of high polymers, a transformation of energy within the material 
takes place as a result of friction and of displacement of the molecules and parts 
of the molecules. This energy transformation becomes manifest in part as 
thermal energy and in part as a permanent deformation*. These curves have 


@) 


Temperatur 
Verformungsgeschwindigkeit 


| 


a 


Fig, 2.—-Dependence of deformation phenomena on the temperature and on the rate of deformation 
(K = stress resistance curve; E = energy curve). The legend at the right of the absciasa refers to Tem- 
perature and rate of deformation. 


characteristic sections; e.g., Figure 2 shows three regions, designated as I, II, 
and III. At room temperature many high polymeric materials lie in region I, 
i.e., their energy loss is slight and their Z-moduli are high. In region III at 
room temperature are found those materials which possess high elasticity, as, 
for example, rubberlike materials. Region II is a critical transition range from 
metal-elastic materials to high elastic materials in the sense of rubberlike 
elasticity. Here the plastic or plastic retardant state is dominant’. 


SOFTENING REGION 


If now we consider a material which at room temperature shows the be- 
havior exemplified by Section I of Figure 2 and if we then follow the changes of 
properties on into a high temperature range for a static or dynamic deformation 
process, we find that the behavior conforms closely to the relation indicated in 
Section II, i.e., the Z-modulus falls abruptly until, in Section III], it again be- 
comes almost asymptotic to the abscissa and continues at a very small value. 
The energy curve shows a sharp ascent in Section II, passes through a maximum, 
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and then likewise approaches a value asymptotic to the abscissa. This Section 
II can be characterized in general as the primary softening region. This region 
can be used directly as a criterion of the thermal behavior at the critical 
softening point. 


“COLD RESISTANCE” 


Conversely, the behavior of materials which at room temperature lie in 
Region III can be followed at lower temperatures. Rubberlike materials are 
known in most cases to freeze at low temperatures, e.g., —60° or —70°. At 
these temperatures they then fall into Region I, but with rise of temperature 
and progressive thawing, the material passes through Region II, and with 
further rise of temperature it enters Region III. In this way Region IT can 
serve to characterize the behavior of rubber at subnormal temperatures. The 
term “cold resistance’’ should be deliberately avoided, for the idea of cold 
resistance involves a combination of several properties which can be explained 
better by reference to a few points on the two deformation curves. In the 
frozen state, the cold brittleness of the material can first of all be determined, or 
as it is called in the British and American literature the brittle point. However, 
this cold brittleness or cold shortness is not necessarily a characteristic of cold 
resistance; rather, it is solely a measure of the resistance of a material at low 
temperatures to shock or impact. Since point P,; or P’; can be located only 
with difficulty, the criterion has been so chosen that point P; means that a large 
number of test-specimens are not broken at point P; by shock or impact stresses. 
Point P, or P’, is much more clearly defined and more exact. These points 
actually represent the transition point of the softening and steel-elastic range. 
These points can, then, be considered as the so-called freeze point. 

From the viewpoint of technical testing, points P; and P’; can be determined 
most precisely. At P, the #-modulus curve passes through a point of inflection 
while the damping curve reaches a maximum. This point of inflection and this 
maximum can be defined and established by a single temperature value. In 
this case the relaxation behavior is characterized more clearly and most eri- 
tically. In certain cases, points Py and P’, can be used for evaluating approxi- 
mately the behavior at low temperatures. In this case the points would neces- 
sarily indicate the transition point from the high elastic state to the critical 
softening range. From this point on, with drop of temperature, the rebound 
resilience begins to decrease, and the extensibility, elongation at rupture, hard- 
ness, tensile strength, tear resistance, etc., begin to increase. This point is 
relatively well defined. When, therefore, cold resistance is the subject of dis- 
cussion, one should define precisely just which point of the deformation curves 
is meant. 

As already explained, cold resistance can mean one of three things: (1) the 
cold index ; (2) the freeze point; and (3) the brittleness point. All three criteria 
are obviously necessary in the characterization of the cold behavior of materials 
and are therefore of great importance. Any too general a concept of cold 
resistance should properly be avoided. 

Figures 3, 4, and 5 demonstrate these relations by way of a few typical cases. 
These curves are from work by Schmieder and Wolf, and they show on the 
basis of the shear modulus and dynamic damping the behavior already indicated 
diagrammatically in Figure 2. In Figure 3 the dependence of the shear modu- 
lus and the damping on the temperature for polyviny! chloride is plotted. Sur- 
prisingly a broad maximum is indicated at about —30° C and 8.5 cycles per 
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second. To explain this maximum, let us refer to the work of Schmieder and 
Wolf*. These maxima at low temperatures are apparently closely related to 
the crystallization phenomena characteristic of high polymeric materials. In 
Region III, in other words above 100° C, polyvinyl chloride still behaves, 
broadly speaking, as a rubberlike material, although in this case few true link- 
ages of the nature of primary valences can be counted upon, as, for example, is 
the case with vulcanized rubber. However, the chlorine group in the molecule 
causes steric hindrance and dipole linkages, which in turn influence this rela- 
tively broad rubberlike elastic region. 

The case is different, for example, with polystyrene, in which linkages or 
hindrance by dipoles or polar groups cannot exist. Figure 4 shows these rela- 
tions for two different polyesters crosslinked differently. Here the range of 
rubberlike elasticity is still more extensive than in Figure 3, since in this case 
we have to do with true linkages. There also can be seen on Figure 4 secondary 
maxima at very low temperatures, which may be related to crystallization phe- 
nomena. 


(On? me 
4 - 
wo 
(°C) Temperotur (°C) 


Fies. 3-—-5.—Shear modulus and dynamic damping as functions of the temperature. The legend on the 
left-hand ordinate refers to the shear modulus G (dynes persq.cm.). The legend on the right-hand ordinate 
refers to dynamic damping A. All data are from Schmieder and Wolf.‘ igure 3.—Polyvinyl chloride. 
Figure 4.— Different crosslinked polyester resins, Figure 5.—-Unvuleanized Buty] rubber. 


In the case of Butyl rubber, the effects are somewhat different, as may be 
seen in Figure 5. This figure too is taken from the work already mentioned. 
The dynamic deformation curves reproduced here are for unvuleanized Butyl 
rubber. As is known, Butyl rubber is a copolymer of isobutylene and buta- 
diene or isoprene. The proportion of isobutylene to butadiene is very high, 
i.e., the copolymer contains only a very small percentage of butadiene or iso- 
prene, in fact a maximum of 4-5 per cent. Although the Butyl used in the 
experiments was not vulcanized, it showed a noteworthy broad rubberlike 
elastic range above 0° C. The authors attribute this extended rubberlike 
elastic state to the great length of the molecules. This restricts any extensive 
entanglement of the aggregates of filamentary molecules, whereby the snarls 
form chains at higher deformations and so simulate network formation. 
Further maxima can be recognized on Figure 5 at 40° C and at 60—70° C, which 
conform to actual experimental facts. These maxima can perhaps be explained 
by the loosening of different linkage mechanisms, as has already been discussed 
elsewhere. 


SECONDARY TRANSITION REGIONS 


COPOLYMERS 
BUTADIENE-STYRENE COPOLYMERS 


Figure 6 shows the damping curves of two of the best known elastic co- 
polymers. Both are copolymers of butadiene and styrene. Buna-S contains 
around 28-30 per cent styrene and Buna-S8 about 40 per cent styrene. In the 
case of such copolymers, the primary maximum is displaced toward higher 
temperatures with increase of the styrene content. Thus with the frequency 
of 16% cycles per second used in the experiments, the maximum for Buna-S was 
at —28° C and the maximum for Buna-SS a chief maximum at +5° C. 

In addition to these well defined primary maxima, quite distinct secondary 
maxima are evident; in fact, with Buna 8-3 there are two distinct additional 
maxima. To what extent these two are real or perhaps can be combined into 
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Fie. 6.—Dynamie damping of Buna 8-3 and Buna-S8 as a function of the temperature 
The ordinate represents the damping in percentage 


single maxima can be settled only by a more thorough investigation. In any 
case they have already been encountered frequently in previous experimental 
studies. This secondary maximum, or secondary softening range, is most 
pronounced for Buna-S88 at about 95° C. 

How then are these secondary softening ranges of copolymers to be ex- 
plained? One possible explanation is that the second component of the co- 
polymer is not copolymerized in regular sequence in the first component, but 
rather that there is a more or less regular statistical distribution of the second 
component in the first component. It is, for example, not true that a styrene 
molecule appears on every 5 or 6 butadiene units, but it may just as well be that 
two or three, or perhaps more, styrene molecules appear, which are arranged in a 
series of their own without being copolymerized with butadiene. We must, 
therefore, be concerned in these copolymers with aggregates of the second com- 
ponent in the first component. Exhaustive analyses of butadiene-styrene co- 
polymers have established that they contain practically no polystyrene. Poly- 
styrene would, furthermore, show a softening range in a quite different tempera- 
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ture interval. The softening range of polystyrene should, for example, lie at 
about 120° C, as later experiments will show. The tests were made with vul- 
canizates containing no fillers. 


DIELECTRIC MEASUREMENTS 


In order to be in a position to study the vibration properties of high polymers, 
considerable money must be expended for apparatus. However, by dielectric 
studies instead it is possible to show the dependence of this property on the 
temperature and on the frequency, although the vibrational phenomena in the 
molecular range are different. 

Dielectric measurements were made of the copolymers of butadiene and 
styrene already mentioned. Figure 7 shows the relations for natural rubber 
Since in this case the polymer is made up of the same structural unit (isoprene) 
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Fie. 10.--Dynamie damping of butadiene-acrylonitrile copolymers as a function of the 
temperature. The ordinate represents the damping in percentage 


no supplementary maxima or secondary softening range appear in addition to 
the chief absorption maximum. The strong increase of the tangent of the di- 
electric loss angle in the ascending portion of the curve shows that the product 
is of technical grade, i.e., is an electrolytically highly contaminated product. 
Only in this way can the high ascent of the curve be explained. This phe- 
nomenon was evident at all frequencies. 

The same relations were derived for Buna 8-3, as shown in Figure 8. In this 
case it is particularly interesting that the second maximum found in the me- 
chanical studies again appears at high frequencies. This is also true of Buna-SS8, 
as shown by the measurements recorded in Figure 9. The appearance of a 
second maximum in both cases (Buna 8-3 and Buna-Ss) at all frequencies is an 
indication that there is a lack of homogeneity in the molecular structure and, 
in fact, in the polymer chain itself. If it were a question only of some sort of 
lateral grouping in the whole molecule, then the secondary softening ranges 
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would according to later investigations appear only at definite frequencies which 
are characteristic of these lateral groups. In this way the explanation of the 
phenomena already given receives further confirmation. 


BUTADIENE-ACRYLONITRILE COPOLYMERS 


The observations made with copolymers of butadiene and styrene hold true 
also of copolymers of butadiene and acrylonitrile. Figure 10 shows measure- 
ments of three types of Perbunan, nos. 2810, 3310, and 3810. These designa- 
tions are so chosen that the first two numerals indicate the acrylonitrile content 
and the last two numerals indicate plasticity values. 
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Fig. 11 Dynamic damping of butadiene-acrylonitirle polymers containing phenol-formaldehyde 
resin as a function of the temperature. The ordinate represents the damping percentage. 


The number 10 indicates a Defo hardness value of 1000. The data in Fig- 
ure 10 show that Perbunan 2810 has the lowest softening point, followed by 
Perbunan 3310, with the highest softening point for Perbunan 3810, correspond- 
ing to the highest acrylonitrile content. Each of the three copolymers also 
shows another maximum at 90° C, the explanation of which must be the same 
as for Buna-S and Buna-SS. Figure 10 also shows an experimental product 
designated as KA 5000. This is a polymer of butadiene and acrylonitrile with 
a third component in addition. This polymer shows a third maximum at 
120° C, 


REINFORCING INGREDIENTS 


It has already been mentioned that the tests with Buna-S and Buna-SS were 
made with vulcanizates containing no fillers. Figure 11 shows data on the 
three types of Perbunan plotted as they were in Figure 10. But this time in- 
stead of the vulcanizates containing no filler, each of the three vulcanizates had 
been mixed with 50 per cent phenol-formaldehyde resin (based on 100 parts of 
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Perbunan). Such phenol-formaldehyde resins have a noteworthy reinforcing 
action in nitride rubber. Figure 11 shows that the incorporation of reinforcing 
ingredients of this kind may lead to the almost complete disappearance of the 
second maxima. They are here evident only as slight effects, but can usually 
be recognized after a little experience, 


POLYMER MIXTURES 
NATURAL RUBBER~POLYSTYRENE 


So far we have been concerned with copolymers, but now Figure 12 gives 
data on a mixed polymer, natural rubber (pale crepe) and polystyrene. It is 
evident that polystyrene does not displace the primary maximum and that it 
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Fic, 12.--Dynamic damping (D) and spring constant (F/) of a mixed polymer of natural rubber and poly- 
styrene (65 per cent prestretching) as a funetion of the temperature The legend outside of the ordinate 
refers to the spring constant (kg. per cm.) and that inside the ordinate to the damping (percentage). The 
legends within the diagram are: (1) Pale crepe (100 parts) + polystyrene (23 parts), and (II) Pale crepe 


has exactly the same position with respect to temperature as the corresponding 
maximum for the natural-rubber mixture alone. The bulge in the curve of the 
vulcanizate containing no polystyrene in the range of —30° to —20° C cannot 
be explained at this time. Probably it has some connection with different 
linkage mechanisms involved in the vulcanization process. Of particular 
interest is the position of the second maximum of the mixed polymer, which lies 
at 120-123° C. This temperature agrees with the results of other investigators 
using other experimental methods. For example, Schmieder and Wolf found 
polystyrene to have a softening point of 116° C, though at a somewhat different 
frequency (0.9 cycle per second) from that used in the present work, in which a 
frequency of 164% cycles per second was used. As is known, the higher the fre- 
quency, the more is the softening range displaced toward higher temperatures. 
At the point where the damping curve shows a well-defined second maximum, 
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the H£-modulus curve, which were is plotted in the form of the spring con- 
stant, has a characteristic second point of inflection. The deformation curves 
of the mixed polymers should be regarded as the combined curves of two separ- 
ate components. When two polymers exist as mixtures, the same relations do 
not hold true as for copolymers. 


NATURAL RUBBER~POLYETHYLENE 


Figure 13 shows these same curves for 4 mixture of natural rubber and poly- 
ethylene. The first softening point of unblended polyethylene is about +60° C. 
This region for polyethylene alone does not, however, appear at all in its mix- 
tures, and a second maximum appears only at 130°C. For pure polyethylene, 
these maxima at 130° C cannot be determined mechanically. Since, however, 
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Fie, 13.—Dynamie damping (D) and spring constant (/) of a mixed polymer of natural rubber and 
wlyethylene (crepe 65 per cent; prestretching of the crepe 65 per cent, and of the mixture 25 per cent). 
The legend outside of the ordinate refers to the spring constant c . perem.), that inside the ordinate to the 
damping (percentage). The legends within the diagram are: (I) Pale crepe (100 parts) + Lupolen (23 
parts), and (II) Pale crepe. 


natural rubber here serves as a carrier medium for the polyethylene, softening 
of another character enters into the picture. This has been indicated by 
Stuart’, but as has already been mentioned, cannot be verified technically. It 
should, in addition, be noted that at the same point at which the damping 
passes through a maximum, the H-modulus makes a break. This point of 
sudden change in the curve of the E-modulus coincides again with the position 
of the temperature of the damping maximum. 


MIXED POLYMERS OF NATURAL RUBBER WITH BUTADIENE COPOLYMERS 
CONTAINING HIGH PERCENTAGES OF STYRENE 


Of great interest are the properties of blends of natural rubber and copoly- 
mers of butadiene with high contents of styrene. Such products are manu- 
factured and marketed under the trade name of Duranit. The three mixtures 
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shown in Figure 14 were so prepared that they contained the same total per- 
centage of styrene; in other words, the first mixture was prepared from pure 
polystyrene, the second mixture from Duranit no. 10, and the third mixture 
from Duranit no. 30. Duranit no. 10 is a copolymer of 90 parts styrene and 10 
parts butadiene, and Duranit no. 30 is a mixture of 70 parts styrene and 30 
parts butadiene. Although the three mixtures contain this same styrene con- 
tent, the first maximum is hardly altered, and it lies, as does that of the natural- 
rubber mixture, in the —42° to —45° C range. The mixture containing Duranit 
no. 10 has its secondary maximum at +90° C and the mixture containing 
Duranit no. 30 has a second chief maximum at about +55° C. The mixture 
containing polystyrene shows a second maximum at +122° C, and the mixture 
containing Duranit no. 30 has a well-defined second maximum, which again can 
be explained on the basis of the copolymer. This second maximum at first 
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Fios, 14 and 15.—Dynamie damping and dynamic spring constant of mixed polymers of natural rubber 
and butadiene-styrene (high styrene) copolymers prestretched 65 per cent, as functions of the temperature 
Figure 14.—Dynamiec damping. Figure 15.—Spring constant (frequency 16 cycles), The ordinate of 
Figure 14 represents the damping (percentage) and that of Figure 15 the spring constant (kg. per eq. em.). 
The legends within Figure 14 and Figure 15 are: (I) Pale crepe + polystyrene-EF, (II) Pale crepe + 
Duranit no. 10, (III) Pale erepe + Duranit no. 30. (LV) Pale crepe containing no polystyrene. Mix- 
tures I, If, and IIl contain the same polystyrene content. 


appeared to be unreliable, and therefore the test was repeated several times with 
newly prepared mixtures. But each time this same intermediate maximum 
appeared even when instead of the initial strain of 65 per cent, this strain was 
only 25 per cent. With the torsion method, as described by Schmieder and 
Wolf, no well-defined intermediate maximum appeared at this point in any of 
our experiments, but, instead, a small bulge, which likewise is an indication that 
in this case too there are irregularities in the polymeric structure. 

Figure 15 shows the spring constants for these three products. Again it can 
be seen that at the point where the damping is a maximum, the E-modulus shows 
a sharp inflection. In the case of the Duranit no. 30 mixture, there is a mini- 
mum in the Z-modulus curve at the position of the second maximum. This is 
not easy to explain on theoretical grounds, but has been confirmed repeatedly 
by experiments. 
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INFLUENCE OF TENSION 


The mixture containing Duranit no. 30 was further studied by different 
techniques, in one case after prestretching, in another case after precompression. 
In the experiments with prestretching, 25 per cent and 65 per cent elongation 
were chosen. These different stresses gave primary maxima in different posi- 
tions with respect to temperature, whereas the secondary softening region was 
influenced only slightly by the degree of prestretching. The intermediate 
maximum at +20° C is appreciable only after prestretching, and is inappreci- 
able after precompression, The primary softening point, after 25 per cent 
prestretching, lies at —50° C, after 65 per cent prestretching, at —40° C, and 
after precompression, at —30° C. The vibration experiments were made at a 
frequency of 16% cycles per second for all three mixtures. Figure 16 gives the 
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Fic. 16.—Influence of the method of stressing on the dynamic damping of a natural rubber-Duranit 
no. 30 mixture as a function of the temperature, Frequency 16] cycles per second. The ordinate repre- 
sents the damping (percentage). The legends within the diagram are: Zug = strain; Druck = pressure. 


results, and shows that in determining the softening region or in establishing the 
freeze point, not only is it important to specify the rate of deformation and the 
frequency, but also the type and magnitude of the prestressing and total de- 
formation. This means that data, whether in testing reports or in the litera- 
ture, on softening regions and low-temperature properties, must, first of all, 
always be judged critically on this basis. Hence, in the standardization of 
testing methods it is, in the broadest sense, a question of tentative agreement 
and later modification. 


NATURAL RUBBER-METHYL METHACRYLATE POLYMER 


Figure 17 gives some experimental data on three ‘“Hevea-plus’’ types, in- 
cluding MM-23, MM-30, and MG-23. The MM types are mixed polymers of 
natural rubber and polymerized methyl methacrylate, which are prepared by 
blending the two latexes. _MM-23 contains 23 per cent and MM-30, 30 per cent 
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of polymerized methyl methacrylate. MG-23 is, according to data of the sup- 
plier, a graft polymer, i.e., by means of a special activation process, 23 per cent 
of methyl methacrylate is polymerized with natural-rubber latex in graft poly- 
merization. In all three cases, the secondary softening region, which is 
governed by the methyl methacrylate polymer constituent, lies at the same 
point, although the actual heights of these secondary maxima differ. The 
softening region cannot, therefore, without further information, be regarded as 
the deciding factor whether in any particular case a true graft polymer or a 
mixed polymer is involved. From a comparison of suitably chosen mixed 
polymers, it is apparently possible to decide by the total height of the damping 
through the range of temperatures measured, that the material with the most 
favorable damping properties is to be regarded as a graft polymer. A more 
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Fie. 17.-—~Dynamiec damping of three ““Hevea-plus” types: MM-23, MM-30, and MG-23, as a funetion 
of the temperature. MM-23 and MM-30 were prestretched 65 per cent, and MG-23 was prestretched 25 
ver cent. The ordinate represents the damping (percentage). The legends within the diagram are 
M M-23 and MM-30, Mixtures of natural-rubber latex and polymerized methyl! methacrylate latex; MG-23, 
Graft polymer of natural-rubber (NK) latex and polymerized methy! methacrylate (MAM); Natural 
rubber (NK) containing no polymerized methyl methacrylate (MAM) 


unequivocal decision can be made only when graft polymers have been in- 
vestigated further. However, when the product is really a graft polymer, this 
mechanical behavior would still be understandable if it is assumed that the 
number of points of linkage between the original polymer and the grafted 
polymer are only very small, when evaluated in terms of the total length of 
chain of the material. 


POLYMERIC PLASTICIZERS 


The positions of the maxima, both primary and secondary, are displaced 
by true low-molecular plasticizers. However, the studies described in the 
present paper give another view of polymeric plasticizers. A true plasticizer 
displaces the primary maximum damping toward lower temperatures, whereas 
an insoluble polymeric plasticizer behaves like a second polymer which has been 
blended with the chief polymer. In this case a second maximum necessarily 
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appears. Investigations in this field have been made at Schkopau by Wolf, 
Breuers, and Luttropp*®. Polyvinyl chloride was blended in increasing propor- 
tions with Buna-S, and in every case two distinct maxima were found, one at- 
tributable to Buna-S, the other to polyvinyl chloride. Neither of the two 
maxima was displaced in its position with respect to temperature, as would 
happen in the case of true plasticization. 


SYNOPSIS 


The studies which have been described should help to show that damping 
tests of high polymers, first applied to the testing of rubber by Roelig, represent 
a highly useful instrument, by means of which it is possible with the joint 
application of other chemical and physical-analytical methods, to gain a better 
understanding of the relationships of high polymers to one another. In many 
cases these technical analyses of high polymers serve as a starting point for 
further and more extensive chemical and physical researches of a confirmatory 
nature. 
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EFFECT OF SHAPE ON THE STATIC AND DYNAMIC 
STRESS-STRAIN RELATIONSHIP OF BONDED 
RUBBER IN COMPRESSION * 


A. R. Payne 


Researcn Association oF Barrian Manvuracrurers, 
SHawecnry, SHrewsscry, 


The stress-strain relationship of rubber under unidirectional compression 
with free expansions in the other two directions has been derived from the kinetic 
theory of rubberlike elasticity by Treloar' and others. These conditions can 
be simulated by compressing the rubber between parallel plates at which friction 
is eliminated by lubrication. The static compressive stress a, (Ib./in.*) is given 
by 


a, = G(X — (1) 


where G, is the static shear modulus and \ the ratio of compressed to initial 
height. This relationship holds true provided the lubrication is adequate. 
Where free lateral expansion is prevented by friction or bonding at the confining 
surfaces, the shape of the sample influences the stress-strain relationships in a 
way that has hitherto defied systematic analysis. Kimmich*® showed that most 
of the difficulty in correlating published results may be explained by the nature 
of the surface of the compressing plates and of the rubber, the manner of ap- 
plying the stress, the thixotropic behavior of some rubbers, and because the 
stress-strain relationship is not linear. As the industrial uses of rubber in com- 
pression (usually with the faces bonded to metal) are numerous, a mathematical 
relation between stress and strain is essential for design purposes. It is the 
purpose of this communication to point out a general relationship obtained from 
experimental results for rubber of various sizes bonded to metal plates. 

From a critical discussion of the literature on shape effects, it was concluded 
that the static stress-strain curve of a bonded rubber can be described by 


o, = G& (2) 


where ® = f(\, 6), 6 being a shape factor related to the geometry of the rubber; 
for example, for cylinders 6 is the radius/height ratio. The above expression 
separates the rubber property G, from the purely geometrical term ®. Any 
change in the properties of the rubber due to its nature, to speed of test, tem- 
perature, and thixotropy are, therefore, reflected only in the G, term. 

The stress-strain curves for bonded rubber cylinders of various values were 
obtained using a pure-gum natural-rubber vulcanizate. The values for par- 
ticular A and 6 were obtained from the stress-strain curves by dividing the stress 
by G,, derived from the linear relationship (Equation 1) between stress and 
(A — A~*) for the rubber compressed between lubricated plates. 


* Reprinted from Nature, Vol. 177, pages 1174-1175, June 23, 1956 
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Figure | shows that the plots of ® against & are linear over the ranges of 
shape factor and precompression studied and conform to the equation: 


= (A — (1 + (3) 


where K = 0.413. Shape factor zero (6 = 0) thus corresponds to a perfectly 
lubricated rubber, and a bonded rubber with 6 > 0 differs from this ideal case 
by the factor (1+Ké). The constant K is similar to that proposed by 
Hattori and Takei’ from classical theory for small finite strains. Similar ex- 
pressions to the above but differing mainly in the coefficient K and definitions 
of 6 have been obtained for other shapes, for example, squares and rectangles. 

If now a sinusoidal dynamic strain of amplitude H is superimposed upon a 
static compression to a height Ao, the total stress o7(t) at any time t is 


ar (t) = 7, + ap(t) (4) 


where gp is the instantaneous dynamic stress, given by 
hot+Hsinwt 
op(t) = f (5) 
Ro 


Gp being the fundamental dynamic shear modulus at the frequency of test. 
The overall dynamic stress variation oo over one cycle is 


= of (db dr (6) 


As ® increases monotonically with A, then (from Equation 3): 


oo = Go(l + K8) (A — @) 
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A typical experimental graph plotting values of oo, for precompressions from 
A = 1.0 to 0.55 and superimposed dynamic oscillations 1 = + 0.004 to + 0.086 
against (A — \~*)\°*4/, indicates that a linear relationship, the slope of which is 
Gp(1 + 0.413 6), fits the experimental points, Gp having been obtained from a 
similar set of dynamic tests using lubricated faces. 

The above relationships hold for the in-phase or elastic component of the 
complex dynamic modulus, and also for the out-of-phase or viscous components. 
These relationships have been applied to the published results on the static 
stress-strain curves of Kimmich?, Hattori and Takei’, and Schay and Szér*, and 
for the dynamic results of de Mey and van Amerongen®. Without exception, 
the above relationships give an adequate description of the experimental results. 

It is hoped to publish a fuller account of this work elsewhere, together with a 
further discussion using these relationships for various shapes and for various 
types of rubbers, including those which show marked thixotropic behavior. 
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GENERATION OF BECOND HARMONICS IN THE ROELIG 
DYNAMIC TESTER 


The Roelig dynamic tester’? has been widely used****? for determining 
those parameters from which the properties of rubber under dynamic conditions 
may be specified. Before attempting any absolute measurements of the dy- 
namic characteristics of rubber in compression, it is essential to make an ex- 
tensive study of the effect of the shape of the specimen. During preliminary 
studies of this nature it was found that the test results were often invalidated 
by a resonance phenomenon in the rubber-machine system. 

The principles employed in the Roelig or the Leobold machine, as it is known 
on the Continent, are now widely known, but a schematic diagram is shown in 
Figure 1. The machine uses a rotating eccentric weight to apply the driving 
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Fria, 1.—Schematie diagram of the Roelig dynamic tester. 


force. It is essential to note that the force applied to the mass in the mass- 
spring system is not measured but rather the force transmitted through the 
sample. An optical device traces out a stress-strain ellipse which can be 
analyzed. 

The first observations of departure from the expected behavior of the ellipse 
were made by Whorlow®. The geometric center of the ellipses did not, in gen- 
eral, coincide with the position taken up by the light spot on completion of a 
dynamic test; moreover, any subsequent dynamic test of the same amplitude 
and frequency made without changing the position of the static point did not 
alter the relative positions of the dynamic loop center and the static point. 

. Reprinted from the Proceedings of the Third Rubber Technology Conference, London, 1954, pages 413 
436 (published in 1956) 
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Fig. 2.--Typical loop traces. 


Typical examples of ellipse distortion are shown in Figure 2. Diagram a 
illustrates the displaced center effect. Diagram b shows distortion as a thick- 
ening of part of the loop due to the light spot tracing that part three times dur- 
ing asingle cycle. The fact that repeated traces occur is very evident from the 
case of severe distortion shown in diagram c. A stroboscopic examination of 
the ellipse shows that the retractive force is not varying sinusoidally; diagram 
d shows the strobed pattern of spots when the light beam is periodically inter- 
rupted, with the distance between successive portions of the trace corresponding 
to equal time intervals. 

Experimental apparatus.—In order to study this effect further it was neces- 
sary to analyze the restoring force waveform; the equipment for this is shown 
schematically in Figure 3. 
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Fig. 3.—BS8chematic diagram of force recording apparatus used on the Roelig tester. 
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An A.F. wave analyzer was used in conjunction with the piezoelectric 
crystal and a special amplifier designed to operate for constant gain down to a 
few cycles/sec. The analyzer, which covered frequencies down to 2.5 cycles/ 
sec., Was 4 commercial three-stage amplifier made selective by the use of nega- 
tive “feed back" and a valve voltmeter with an approximately logarithmic 
scale. The seale of the indicating meter was calibrated in percentage ampli- 
tude, and the sensitivity adjusted so that a deflection of 100 per cent was ob- 
tained for the largest component (i.e., the test frequency) of the force signal to 
be analyzed. The strengths of the various components of the force signal, 
relative to the test frequency component, were thus readily obtained. The 
test frequency range was from 10 to 20 cycles/sec. The waveform could also 
be observed simultaneously on a cathode-ray oscillograph. 


Tassie I 
COMPOSITION OF COMPOUNDS 
Compound 


Components Cc dD 


Smoked sheet 100 
Neoprene GN 

Hycar OR-15 

Zine oxide 

Stearic acid 

Lt. cale. MgO 

Pine tar 

Dibuty] phthalate 

Pptd. BaSO, 

HAF black 

Mercaptobenzothiazole 

Benzothiazoly| disulfide 

Sulfur 
Vulcanization time (min.) K 30 


The piezoelectric quartz crystal was mounted in a holder designed to fit on to 
the fixed anvil, and the crystal had been surface silvered. The head amplifier, 
more precisely a cathode follower, was built around an Osram ET3 electrom- 
eter triode so that the crystal voltage could follow fluctuations as slow as a few 
cycles /sec. 

Experimental procedure.—The rubber sample was subjected to a known pre- 
compression and a constant dynamic displacement as measured on the Roelig 
screen. A series of solid cylindrical samples were tested using two load ranges, 
made available by using interchangeable proof rings having different stiffness 
characteristics. 

Tests were carried out with the following materials: 


(1) Natural rubber compounds: 


(i) Gum stock (Compound A). 
(ii) White-loaded stock (precipitated barium sulfate) (Compound 
B). 
(iii) Black-loaded stock (HAF black) (Compound C). 


(2) Neoprene-GN compounds in three equivalent types (Compounds D to 
F). 
(3) Hycar OR-15, black-loaded stock (Compound G). 
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Specimen size Displacement 
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Figure 4 
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Details of the compounding and vulcanization are given in Table I. All 
stocks were vulcanized at 141° C. (40 |b./in.’ pressure) for the optimum time, 
determined from routine tests on ranges of vulcanizates. 

Different sized specimens were tested for the two load ranges so that traces 
of reasonable dimensions were produced on the screen, but the shape factor 
(ratio of diameter to height) was kept constant as far as possible. 

Details of static and dynamic compressions applied to the samples used with 
the low load range proof ring are given in Table II. 
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Fic. 5.--Variation of percentage second harmonic with frequency of test for high 
load range proof ring. 


Experimental results.—The only appreciable harmonic found was the second 
harmonic of the frequency of test. Third harmonics were found but only to a 
small extent compared with the second. Figure 4 illustrates the second har- 
monic content (i.e., the amplitude of the second harmonic component as per- 
centage of the amplitude of the test frequency) for the various rubbers tested 
using the low load range proof ring. The curves shown in Figure 5 using the 
high load range were obtained to give a better comparison between different 
rubbers of the same size and shape tested at the same static and dynamic dis- 
placements, and to check the results obtained from Figure 4: the rubber 
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samples tested were 3.2 cm. in diameter and 1.6 cm. in height, and the static and 
dynamic compressions were +0.16 and +0.08 cm., respectively. 

For the pure-gum samples the resonance peak is sharp and occurs over a 
narrow frequency band, whereas the loaded rubbers exhibit a much less sharp 
peak and the resonance extends over a much broader frequency range. The 
white-loaded compounds appear to give curves intermediate between those for 
gum and black compounds, as might be expected from the relative damping of 
these rubbers. An interesting feature is the form of the curve on either side 
of the resonant peak; it is the typical asymmetrical peak of a nonlinear system. 

A careful check on the characteristics of the measuring equipment was car- 
ried out to determine whether the existence of second harmonic was spurious. 
No mechanical or electrical fault could be found and it was concluded that the 
curves were true representations for the rubbers vibrating under these particular 
conditions. That these effects are not a characteristic of the RABRM machine 
alone was shown when analogous results were found on two other machines of 
the Roelig type. 

The presence of these large amounts of second harmonics in both restoring 
force and displacement invalidates the use of the Roelig dynamic tester and 
other machines based on the same principle as a research tool, and their use as a 
routine instrument is strictly limited. 

Theory: effects of non-linear stress-strain characteristics.—The simplest 
method of treatment of a system such as that of a Roelig machine is to assume 
that it consists of a mass M, supported on a spring of rate b, with a dashpot in 
parallel introducing a loss term nz proportional to the velocity, and operated 
on by a sinusoidal driving force F. 

In this system the dynamic displacement z is given by a linear function of 
cos wt and sin wt, and cannot give rise to harmonics of the fundamental fre- 
quency w/2rm. 

Assuming nonlinear behavior of the rubber, we may replace the spring force 
br by a polynomial (br + cx* + dz* +---), where b, c, d are constants and z is 
the displacement at any time ¢; using the experimental fact that little third 
harmonic is detected, in order to simplify the analysis it may be assumed that 
the nonlinear spring force is (br + ez*). 

The Newtonian equation of motion may then be written as 


Mz + nx + brz + cz* = F cos (wt + 6) (1) 


where w = angular frequency (radians/sec.). 

M = vibrating mass (grams) of eccentric weight housing; the rubber 

mass is neglected. 
maximum amplitude of the driving force (dynes). 

n proportionality factor between velocity and frictional forces 
(damping coefficient) (dynes/em./sec.). 

6 = phase difference between the driving force and the fundamental of 
displacement. 

br = br + bs. 

be = linear component of stiffness of the rubber sample. 

bs = linear stiffness of the precompression spring. 


It is assumed there is no nonlinearity or damping associated with the eccen- 
tric mechanism and precompression spring. ‘This is not strictly true, as has 
been shown by Hazell and Payne’, 
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Any periodic solution of Equation (1) may be represented by a Fourier 
series of the form: 


zt = Ag + Ai cos wt + Az cos (Qwt + >) (2) 
@ = phase difference between the fundamental and the second harmonic of 
displacement. 


Using the first three terms of the Fourier series only and substituting for z in 
Equation (1), by comparing coefficients, it can be shown that 


Ay = F/N (br + 2cAo — Ma*)? + (3) 
compared with 


Aj = F/ Ma’)? + for linear theory 
also 


A2/A; = — cA;/2V (br — + 2cAo)? + (4) 


In the tests described above A; was maintained approximately constant as 
w was varied; thus the ratio of the amplitude of second harmonic to the funda- 
mental passes through a maximum when | (br — 4Mw* + 2cAo)* + 4n’w*} is a 
minimum, i.e.: 


= (br + 2cAo)/4M (5) 
At resonance, Equation (5) becomes 


A2/A, = — cA;/4wn (6) 
Similarly 


Ay = f+ c(A;* + Ad’) /2br 


since 


> Ae (7) 


This constant term Ao is referred to as the ‘“‘rectifier’’ term, for in the words 
of the electrical engineer, there is a rectification effect, which in an electrical 
circuit would correspond to an unidirectional current. 

The displacement of the moving anvil is governed by the total properties of 
the rubber and the machine. The piezoelectric crystal (on the fixed anvil) 
responds to the restoring forces in the rubber specimen only. 

The restoring force, Fz, is given by: 


Fr = nt + bert + cx’ (8) 


where the suffix R denotes the rubber characteristics ; z has already been defined 
by Equation (2) where Ao, Ai, Az are defined by Equations (3), (4), and (7). 
Substituting for z in Equation (8), Fz will be defined in terms of its harmonic 
content. 

Figure 6, Curve (1), shows the practical resonance curve obtained from the 
wave analyzer and Curve (2) was theoretically obtained using the nonlinear 
theory discussed above. The agreement between the two curves shows that the 
introduction of the cx* term into the expression for the rubber stress-strain curve 
accounts for the presence of second harmonic in the restoring force waveform 
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and also explains quantitatively the variation in amount of this harmonic with 
frequency. Full details of the theory and the practical results are being pub- 
lished in a paper by Hazell and the author’. 

The restoring force for the rubber sample used is 5.52 + 19.7z*, expressed in 
units of em. and 10° dynes. The observed curvature of the dynamic hysteresis 
loop is consistent with such an expression. 

Unfortunately, the Roelig machine has other defects which invalidate its use 
even for studying this resonance phenomenon more exactly’. For this reason 
the further study described below was made with a positive (sinusoidal) dis- 
placement machine where these defects do not arise. 
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Fia. 6.—Theoretical and experimental curves of percentage second harmonic with frequency. 


GENERATION OF SECOND HARMONICS IN A POSITIVE 
DISPLACEMENT TESTER 


The nonlinear stress-strain relation necessary to explain the presence of 
harmonics for the Roelig machine, which applies an approximately sinusoidal 
force, should also give rise to appreciable amounts of second harmonic in the 
rubber restoring force in a machine that imposes a known sinusoidal displace- 
ment (compression) on the rubber. 

Theory.—As explained above, the restoring force y for a rubber with negligi- 
ble damping can be written 


y = br + cz” (9) 


terms in higher powers of z being assumed negligible. 
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By a reversion of series: 
z= y/b — + (2c — (10) 


This equation, which is of the required form for treatment of a positive dis- 
placement machine, can be written: 


z=fy-gy thy +--- (11) 


Using only the first two terms and putting z = X cos wt + z’ where z’ is 
the static displacement on the rubber, and X is the maximum amplitude of dy- 
namic displacement, the restoring force can be expressed in a Fourier series: 


y = Ao + A; cos wt + Az cos +--- (12) 


where 


Ao = gf Ad + + A?) (13) 
A; = X/(f — 2gy’ — 2gAo) (14) 
Ax/A1 = gAi/2(f — 2gy’ — 2gAo) (15) 


y’ is the static restoring force on the specimen. Equations (13), (14) and (15) 

have been obtained from Equation (11) by a method used by the author previ- 

ously’. Equation (15) shows that even with a sinusoidal displacement machine 

there will be a second harmonic in the restoring force, since A2/Aj, is finite. 
Substituting for A; from Equation (14) in Equation (15) 


A:2/A\ = gX/2(f 2gy' 2gAo)" (16) 


If y’ (or 2’, which is proportional to it) is increased and the dynamic amplitude 
kept constant, A»/A, will increase and become infinite when (f — 2gAo) = 
2gy’. The curve of per cent second harmonic against static compression 2’ will 
thus curve upwards. 

If 2gAo K (f — 2gy’), A2/ A, will be linear with respect to X, with a slope of 
g/2(f 2gy')’. 

Thus the amount of second harmonic will be proportional to the dynamic 
displacement X. 

Experimental.-The measuring system comprised a piezoelectric quartz 
crystal placed in series with the rubber sample between the anvils of a Goodrich 
flexometer (ASTM Standards on Rubber Products, Designation: D623-52T). 
As for the Roelig experiments, an audio frequency wave analyzer was used in 
conjunction with the crystal. 

For the determinations of percentage second harmonic as a function of dy- 
namic amplitude, the flexometer was used in normal operation, except that the 
lever through which the load was applied was clamped horizontally once the 
compression corresponding to a given load (W — W,) had been applied to the 
rubber. This was necessary to reduce extraneous vibration to which the lower 
platen, and hence the crystal, might be subjected. The throw of the eccentric 
was adjusted for each amplitude. The calibrated micrometer device on the 
flexometer was used to raise or lower the stationary anvil to change the static 
compression on the specimen between the anvils. The experimental arrange- 
ment is shown in Figure 7. 
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Fig. 7.—Schematic diagram of foree recording apparatus used on the Goodrich flexometer 


Results and discussion. —Figure & shows the effect of varying the dynamic 
displacement X at three frequencies which were conveniently available. Vibra- 
tion amplitudes between 0 and +0.32 em. were applied to test-pieces 1.6 em. in 
height and 1.6 cm. in diameter after a convenient precompression load had been 
applied. Results were obtained on a pure-gum natural-rubber vulcanizate 
(Compound A, Table I) and a natural rubber-carbon black vulcanizate (Com- 
pound 
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Fie. 8.—-Variation of percentage second harmonic with dynamic amplitude. 
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Figure 9 shows the variation of second harmonic content with static com- 
pression z’ at constant dynamic amplitude, for the pure-gum Compound A. 

The ratio of second harmonic force to fundamental A2/ Aj is proportional to 
dynamic amplitude for both rubbers (Figure 8), the difference in stiffness and 
damping seeming to have little effect on the slope of the lines, although that for 
the black-loaded rubber may be greater (0.51 against 0.69). The observed 
proportionality agrees with the theoretical Equation (16). 

Increase of A2/A,; with increase of static displacement z’ is evident for both 
rubbers from Figure 9. This increase and the upward curvature of the graphs 
are as predicted by Equation (16). 

From Figure 9, extrapolating to zero 2’: 


g/2(f — 2gAo)* = g/2f?(approx.) = 0.7 cm. 


Comparing coefficients in Equations (9) and (10), f = 1/b and g = c/P. 
Therefore c/b (the ratio of the coefficients of the z? and z terms in the expression 
for the stress-strain curve) equals 1.4 cm.~', a result very similar to a previous 
determination for a gum rubber sample of these dimensions from the static 
stress-strain curve”, 

The temperature rise during the tests on the carbon black rubber was ap- 
preciable, and since no temperature control was available, it is difficult to inter- 
pret fully the reported values. 

When the rubber was replaced by a steel spring, no second or higher harmonic 
was detected except small quantities when the spring was deliberately distorted. 
This result indicated that the displacement mechanism was not appreciably 
nonsinusoidal. 

The results thus agree generally with the theory, but since this neglected the 
damping effects and inertia of the rubber mass, the theory will have to be suit- 
ably amended before exact experiments can be carried out. 


EXPERIMENTAL VERIFICATION OF THE NONLINEAR STRESS-STRAIN 
CURVE IN FREE-VIBRATION EXPERIMENTS OF THE 
YERZLEY TYPE 

The first two sections of this paper showed that second harmonics arise in a 
forced nonresonant vibration tester and in a positive displacement machine, due 
to the nonlinear stress-strain characteristic of rubber in compression. This 
section discusses the effect of this nonlinearity on a free damped vibration 
curve of the Yerzley type. 

Theory.—Using a perturbation method, the damped vibration equation: 


Mz + nz + br + cz? = 0 (17) 
was solved® and it can be shown that: 


z = exp. (—Al)[ —z exp. (—At) + {A + 2/3-z exp. (—At)} cos wot 
+ 1/3-zexp. (—At) cos (2wot)] (18) 


whereX = 17/2M (19) 


z (20) 
we = — b/M — 5c°A?/bwe (21) 
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Fia. 9.—Vatiation of percentage second harmonic with static displacement 


If b >> 5c? A? 


wo = (b/M)} (22) 
If z = 0, Equation (18) is then the classical equation for a linear system. 


The rectifier term in Equation (18) is z exp. (—2At); the presence of this 
term should cause the envelope of the vibration trace to be asymmetrical. 


ORICINAL TRACE 


Experimental 


Theoretical 


Fia. 10.--A Yerzley free vibration trace showing the asyinmetry of the envelope of the trace. 
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Experiment.—A free vibration trace was obtained for a compressed specimen 
on a Yerzley oscillograph by the method given in the ASTM Handbook under 
945-48T. The envelope of this trace is asymmetrical, as predicted above. 

Assuming 7 is a constant, it is possible to obtain the value of \ (proportional 
to the ratio of successive amplitudes from the envelope of the trace after cor- 
recting for the central position of the trace). For the size of specimen used", 
c:b = 1:2. The specimen was | inch high and of 0.7 inch radius. 
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Fie, 11.-—Variation of log shear modulus with percentage amplitude 
for lamp black in natural rubber. 


Knowing c/b and X, it is possible to calculate the rectifier term for any value 
of A. This has been done for the free vibration curve illustrated in Figure 10 
(a);.A has been assumed approximately equal to the coefficient of cos wt 
(Equation 18), and the second harmonic component has been ignored; this is 
justified for the values of A used, 

Figure 10 (6) illustrates the envelope of the free vibration together with the 
center of oscillation of this envelope (marked in tritngles on the figure). The 
triangles are the theoretical values of the rectifier term plotted using the ulti- 
mate rest position of the mass as its zero base line. There is agreement be- 
tween the theoretical points and the observed center of oscillation position of the 
curve. The nonlinear stress-strain curve thus accounts for nearly the whole 
of the asymmetry of the envelope of the damped vibration curve. 
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DEPENDENCE OF THE AMPLITUDE EFFECT AND MODULUS 
ON VOLUME CONCENTRATION OF FILLER 


I ntroduction.—I\t has been noted by many investigators*""?.'"—™ consistently 
over a wide range of experimental conditions, that the measured dynamic modu- 
lus of loaded rubbers shows a variation with the amplitude of the dynamic 
strain. 

Waring”, Gui et al.'®, and Fletcher and Gent®:” have studied these changes 
more systematically, and possible explanations have been discussed. The non- 
linearity of the modulus/amplitude relationship is generally most marked for 
compounds containing reinforcing fillers, and the dynamic modulus at low 
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Fie. 12.—Variation of log shear modulus with percentage amplitude for clay in natural rubber 


amplitudes is sensitive to prior vibration at high amplitudes (Fletcher and 
Gent for a natural rubber tread, and Gui et al.'® for GR-S tread stocks). 
Waring” indicates that the decrease of modulus is, at least for carbon blacks, 
due to a breakdown of the carbon structure, and not due to the temperature 
rise on vibrating. 

Gui et al.'* have pointed out the similarities between the nonlinear vibration 
characteristics of rubber and the non-Newtonian flow properties of disperse 
systems, and have suggested a bond-breaking mechanism to account for them, 
an explanation to which the work of Fletcher and Gent" lends some support. 

The curves of Fletcher and Gent" and of Gui, Wilkinson, and Gehman'® for 
variation of modulus with amplitude and filler content bear a striking resem- 
blance to those for variation of viscosity with shear rate of solutions of high 
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polymers in non-Newtonian liquids'*”"-”, and the following section is based on 
this similarity. 
A Modulus/amplitude relationship.—Plotting the log modulus against 
amplitude from published results’*'*, a straight line relationship is obtained. 
Shear modulus values (Figures 11 and 12) obtained from Fletcher and Gent's 
results”, which include also curves for HAF and MPC blacks in natural rubber. 
Figure 13 for a tread compound, HAF black in GR-S, from compression 
modulus figures obtained from Gui et al." results. 
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Fie. 13.—Variation of log compression modulus with percentage amplitude for a 
GR-S tread compound. 
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Fia. 14.—Variation of K; with the square of the concentration of filler for MPC, HAF, 
lamp black, and clay in natural rubber. 


Figures 11, 12, and 13 and Fletcher and Gent's graphs for HAF and MPC 
black stocks show that the slopes of the lines are related to the concentration 
of the filler. 

Thus 

G = Go exp. (— K,A) (23) 


where Go is the modulus extrapolated to zero amplitude, A is the percentage 
amplitude of vibration, K, is a constant for each filler and concentration, and is 
the tangent of the slopes in Figures 11, 12, and 13. 

Figures 11 to 13 show that the variation of modulus with amplitude obeys 
Equation (23) very closely, there being only a slight variation at high volume 
concentrations at low amplitude, e.g., the top line in Figure 13. 

Plotting the tangents of the slopes against the square of the concentration 
of filler, a straight line relationship appears to hold. See Figures 14 and 15. 

Thus, where 

K, = Ke? +k (24) 


where Kz is the tangent of the slope in Figures 14 and 15, c is the volume fraction 
of filler in the mix, k is a constant (zero in Figure 14). From Equations (23) 
and (24): 

G = Goexp. (—K2’A — kA) (25) 


The values of Go, i.e., the “inherent” modulus obtained by extrapolation to 
zero amplitude, were then plotted (on a log scale) against the concentration of 
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filler. Figure 16 shows that log Go is linearly related to the volume concentra- 
tion of filler for MPC and HAF blacks and lamp black in natural rubber, but 
clay does not obey this law. For clay, plotting log Gp against the square of the 
concentration of filler, a linear relationship is obtained (Figure 17); however, 
this result may be fortuitous because of the few results plotted. A similar 
linear relationship is obtained for carbon black in GR-S (Figure 18). Figure 
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Fic. 17,—-Variation of log Go with square of the concentration of filler for clay in natural rubber 


16 indicates a relationship of the form: 
log (Go/Gojm) = Kye (26) 


where Go, is the modulus (at zero amplitude) for the rubber matrix. Similarly, 
Figures 17 and 18 give the relationship: 


log (Go/Gom) = (27) 


K; and K, are constants depending on the filler. 
Kquation (26) can be rewritten: 


Go/Go.m = exp. (K3c) = + Kye + Ke? /2 + (28) 


Similar expressions, with K related to particle size and shape, have been used by 
Cohan™, and by Guth and Gold**, to represent the variation of static modulus 
and hardness with filler content. However, the results of Cohan™ and of 
Guth” obey an exponential relationship like Equation (28) better than one 
based on Einstein's equation, or Smallwood's equation for modulus, or amend- 
ments of them by Guth and Gold” to allow for particle interaction, especially 
at the higher filler concentrations. 

A further point of interest is that GR-S without any filler has a slight ampli- 
tude effect, and the slope of this dependence falls on that of variation of slope 
with the square of filler concentration (Figure 15). This may be due to the 
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fact that there is 8.7 parts by weight of nonpolymer materials in the vulcani- 
zate. It is difficult to see if there is an analogous effect with the pure-gum 
natural rubber, although such effects, with a magnitude of a few per cent, have 
been reported, and it is probable that they do exist. 

Whatever the explanation, it is observed in practice that on plots of log G 
against amplitude the curve deviates from a straight line only at very low 
amplitudes and high concentration of filler (see Figure 13). 

Again analogous with rheological definitions, the straight portion of the log 
modulus/amplitude plot may be referred to as the rectilinear effect and any 
deviation at low amplitudes as the curvilinear effect. The relationships derived 
above will require further experiment to establish their validity, but from a tech- 
nological point of view they may be useful. 
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Fie, 18.-——Variation of log Gs with the square of the concentration of filler for a GR-S tread 
compound. 
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One practical aspect relating to dynamic testing will be discussed below, 
that is, the effect of a modulus/amplitude relationship of the above type on the 
amplitude resonance curve obtained from a resonance vibration tester. 


EFFECT OF FILLERS ON A NATURAL RESONANCE CURVE 


Introduction.—In view of the modulus/amplitude relationship indicated by 
the results of Fletcher and Gent", and Gui et al.'* it is necessary to study its 
effect on a resonance curve. 

The theoretical equation for a linear material is: 


A/F = 1/N(Ga — + rw? (29) 


where G, is the modulus at any amplitude A; 
F is the maximum amplitude of the driving force (dynes) ; 
M is the vibrating mass (grams) ; 
n is the proportionality factor between velocity and frictional forces 
(dynes/cm./sec.); and 
w is the angular frequency (radians/sec.) = 378. 


In order to eliminate any frequency effect on 7 or G4, M is made the variable 
parameter, not w. 

From the interdependence of G4 and 7 first propounded by Gemant, there 
will be a variation of 7 withamplitude. However, nw is usually of the order of 
one-tenth of G4 and any variation of nw with A will thus have small effect on 
A/F except in the immediate vicinity of the resonant peak. 

Experiment and Discussion.—Figure 19 compares a typical asymmetrical 
resonance peak found experimentally for a filled rubber with the symmetrical 
curve calculated for a linear material. 

Using Equation (29), the values of G4 were calculated from the experimental 
curve for several values of A/F, and these values are plotted in Figure 20. The 
now well-known hysteresis effect of the amplitude/modulus curve is seen’, 
The top curve is equivalent to the “breaking down" curve obtained as the am- 
plitude is increased on approaching maximum amplitude or resonance, and the 
lower curve is the recovery curve obtained on going away from resonance. The 
rubber thus exhibits the memory or thixotropic effect associated with filled 
rubbers. This again shows the analogy of filled rubbers to the colloidal systems 
which show structural viscosity. A hysteresis effect in retracing a flow curve 
is usually ascribed to a breaking of particles or a molecular bond-breaking 
process’’, These results show that in using resonance methods on rubbers con- 
taining fillers it is essential always to use the same sequence of frequencies on 
approaching the resonance peak. 


APPLICATION OF THE NONLINEAR STRESS-STRAIN CURVE 
TO NATURAL RESONANCE EXPERIMENTS 
Theory.—For fixed w and F, Equation (3) can be rewritten in the form: 
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Fic, 19.--An experimental and theoretical resonance curve 
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Fic. 20.— Variation of Ga with amplitude per unit driving force 


\ 
o ~ 
47 
© 
a 


DYNAMIC PROPERTIES OF RUBBER 230 


For finite values of b, c, F and w there are three possible values of A,: (1) all 
real; (2) one real, two complex conjugate. 

The significance of these possible values of A, and the derivations of the 
equations used in this section have been discussed in another paper by the 
author". 

To obtain conditions for resonance, differentiate Equation (3) and put 
dA/dw = 0. The required solution is: 


= b — c*A;*/b — 9°/2M 


compared with linear theory, Muy’ = b — n°/2M. 
Since b > won 


Mod = b — = 


FOF >E,>F, 


a 
2 
a 
a 
2 
a 
= 
< 


FREQUENCY 


Fig, 2), —Variation of resonant frequency with driving force amplitude F 


This relationship shows that the resonant frequency decreases with increas- 
ing amplitude. Figure 21 illustrates the family of resonance curves obtained 
by increasing F, and when only one solution of Equation (30) is real the reso- 
nance curves at the higher amplitudes are asymmetrical. The above results 
show that with a loaded rubber tested in compression, there will be two different 
mechanisms that reduce the resonant frequency with increasing amplitude: 
(1) that due to the nonlinearity of the stress-strain curve (Figure 21); (2) that 
due to the thixotropic breakdown of filler structure with amplitude. 

There is a correlation of the structure effect discussed above and the non- 
linearity of the stress-strain curve in compression. The decrease of modulus 
with increasing amplitude due to filler structure occurs at very low amplitudes. 
The decrease due to the nonlinearity of the stress-strain curve in compression 
will occur at moderate and high amplitudes. The plot of modulus against 
amplitude for a loaded rubber will thus take the form illustrated in Figure 22. 
The central almost straight portion was referred to by Waring’? when he men- 
tioned what he termed the “amplitude freezing effect’’, and the shape of the 
curve is clearly seen in one of his diagrams. 
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Fie. 22.—Plot of the variation of the measured modulus with amplitude. 


SUMMARY 


The first two sections of this paper deal with the necessity for amending the 
classical Newtonian equations by assuming a nonlinear stress-strain curve in 
order to account for the presence of a considerable amount of second harmonic 
of the test frequency in the restoring forces in a rubber, in both forced-vibration 
and positive-displacement dynamic testers. 

The nonlinear stress-strain curve is applied also to a damped free-vibration 
curve of the Yerzley type, and is shown to account for the asymmetry of the 
envelope of the vibration curve. 

The latter part of the paper obtains a relationship between the dynamic 
modulus of loaded rubbers and amplitude of vibration, leading to equations 
analogous to those used in rheology to deal with rate of shear effects in non- 
Newtonian liquids, and to explain the effects of fillers on the static modulus and 
hardness of vulcanized rubbers. 

A resonance curve from a resonant vibrator is analyzed and the variation of 
modulus with amplitude is shown to exhibit the typical thixotropic effect 
associated with loaded rubbers subjected to vibrations. 
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The last section discusses how the decrease of modulus with increasing am- 
plitude can be attributed to two different mechanisms: (1) thixotropic break- 
down of filler structure, (2) in compression, nonlinearity of the stress-strain 
curve. 
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MICROGEL IN LATEX AND SHEET RUBBER * 


R. FREEMAN 


Rossen Reseancn InerireTe of Matava, Kuata 


Freshly tapped latex has been shown by Bloomfield’ to dissolve readily in 
benzene, giving an opaque solution in which the water content of the latex is 
dispersed. Such a solution can be clarified by a chemical desiccant, or by 
partial evaporation at 35° C under reduced pressure. If after evaporation the 
solution is restored to its original volume, the concentration is substantially 
unaltered. When chemical desiccants are used, the final concentration de- 
pends on the reagent. The effect of a number of drying agents on a solution 
of latex in benzene is shown in Table I. 

The high value for the concentration of the solution treated with phosphorus 
pentoxide is due to a reaction between the phosphorus pentoxide and the solu- 
tion. In the example given, the time of contact was reduced to 4 minimum. 
Longer times of contact gave higher concentration figures. 

The other treatments fell into two groups. When the solution was dried 
by evaporation, or with calcium chloride, the concentration was unaltered. 
All the other treatments reduced the concentration. As the materials most 
effective in reducing the concentration were fine powders, a range of fine 
powders was examined, A stock solution of latex in benzene was made up, and 
100 ml. portions were treated with 10 grams of each of the powders listed. The 
powders were let settle (in some cases a centrifuge was used) and the clear solu- 
tion was decanted. 

The inorganic powders had little effect on the viscosity of the solution as 
measured in a U-tube viscometer’. The increases of intrinsic viscosity were 
mainly the result of the reduction of the concentration term. Channel black 
behaved in a manner similar to that of the inorganic powders, but both lamp 
black and furnace black reduced the viscosity of the solutions, i.e., they de- 
graded the rubber in solution. By analogy with results on polystyrene’, the 
large reduction of concentrations effected by these materials is probably due to 
adsorption of partially degraded rubber on the carbon particles. The activated 
charcoal caused an increase of the viscosity of the solution, possibly because of 
selective adsorption of low-viscosity components. 

Rubber in the form of smoked sheet usually has a nitrogen value of between 
0.3 and 0.4 per cent. The nitrogen figures in Table II show that, while some 
purification has taken place, all the nonrubber components are not removed. 
The residual protein is normally calculated as 6.3 times the nitrogen value, so 
in most cases about 2 per cent of the material remaining in solution was protein. 
Removal of all the nonrubber components of the solution would cause a re- 
duction in the total solids of about & per cent. To account for reductions of 
15 to 20 per cent, it is necessary to assume that some rubber hydrocarbon is 
removed, 

This conclusion is confirmed by experiments on purified rubbers (see Table 
111). These rubbers were obtained by centrifuging soap-treated latex, and 

a Reprinted from the Proceedings of the Third Rubber Technology Conference, London, 1954, pages 3-10 
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I 


Percentage 
reduction of 


Reagent Concentration* concentration 
Original solution 0.2046 
Dried by evaporation and made up with benzene 0.2046 
Calcium chloride 0.2064 
Phosphorus pentoxide 0.2119 
Centrifuged 1 hr. at 2,000 g 0.1990 2.7 
Centrifuged 1 hr. at 140,000 g 0.1868 8.7 
Alumina 0.1947 4.8 
Sodium sulfate (anhydrous) 0.1920 6.2 
Calcium sulfate (plaster of paris) 0.1771 13.5 
Precipitated chalk 0.1898 7.2 
Calcium oxide 0.1766 13.7 


* The concentration figures are the total solids of the solution in g./100 ml., the rubber contents being 
oat aroma dl 90 per cent of the total solids. Added water did not affect the concentration determination 
he latex samples were taken from a bulked supply of mixed clonal latex 


subsequently removing the soap, and they contained all the rubber originally 
present in the latex. 

These results are consistent with the view that rubber obtained from fresh 
latex contains a component which analyzes as rubber hydrocarbon but which 
does not dissolve completely in benzene. Instead of forming a true solution, 
part of the rubber disperses as a colloidal suspension. The rubber in suspension 
can be removed by physical means, and contributes nothing to the viscosity 
of the rubber solution. This component will be referred to as microgel. 

Microgel can be estimated by determining the concentration of the solution 
before and after removal of the microgel. The solutions used were of high 
viscosity, and it was difficult to work with solutions of concentration higher 
than 0.25 g./100 ml. When microgel was present in small quantities, the differ- 
ences in concentration were small, and a high accuracy was needed in the con- 
centration determination. There are considerable experimental difficulties in 
centrifuging rubber solutions in benzene at 140,000 g for several hours without 
either contaminating the solutions or altering the concentrations by evapora- 
tion. Centrifuging at high speed is a convenient method of estimating microgel 
if it is present in large quantities, when small errors in the concentration deter- 
minations are unimportant. 

Treatment of rubber solutions with fine powders is a convenient and repro- 
ducible method of estimating small quantities of microgel. The results obtained 


Tasie Il 


Nitrogen 


Total Percentage (% on 
solids Intrinsic reduction of dried 
Reagent g./100 ml. Viscosity concentration rubber) 
None 0.1495 6.4 
Calcium sulfate 0.1217 7.6 18.6 0.227 
Magnesium oxide 0.1213 8.0 18.9 0.301 
Calcium hydroxide 0.1195 8.1 20.0 0.368 
Kieselguhr 0.1253 7.4 16.2 0.276 
Kaolin 0.1240 7.4 17.0 0.227 
Channel black 0.1340 7.1 10.4 0.194 
Furnace black 0.1031 8.3 31.0 0.301 
Lamp black 0.1075 4.8 28.3 0.131 
Activated charcoal 0.1370 7.6 8.5 0.240 


(The intrinsic viscosities are the extrapolated values of m/c versus concentration, using the total solids 
as the concentration.) 
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are to some extent dependent on the powder used (see Discussion), but the 
inorganic powders listed in Table II give reasonably consistent values for the 
microgel, assuming an error of 1 per cent for each determination. It is desir- 
able that the powder should be chemically inert, and calcium sulfate was chosen 
for routine estimations. 

The term microgel has been applied to natural rubber to describe the latex 
from untapped trees*, Such latex gives solutions of very low viscosity, and the 
rubber when dried is hard and insoluble in benzene. In Table 1V are given the 


Tasie Ill 

Nitrogen Ash* Percentage Percentage 

(% on content remov' removed at 

Rubber source rubber) (%) by CaSO, 140,000 g 
TJ-1 clone 0.039 0.030 9.7 6.5 
TJ-1 clone 0.063 0.027 13.6 9.0 
TJ-1 clone 0.017 0.032 12.6 12.9 
TJ-1 clone 0.033 0.027 7.7 6.7 
TJ-1 clone 0.024 0.021 10.4 5.4 
RRI-501 clone 0.028 0.025 6.7 3.8 


* The ash is derived from the soap (sodium dodecyl! sulfate). 


results of parallel experiments on typical samples of estate latex, of bulked 
mixed clonal latex, of bulked latex from trees of clone TJ-1, and a sample from 
a single tree of clone TJ-1 untapped for three years. 

If benzene solutions of normal latex are centrifuged at low speed, the sedi 
ment when treated with acetone gives a coagulum of little mechanical strength 
and almost no elasticity. It probably consists largely of those nonrubber com- 
ponents in the latex that are insoluble in benzene. If the latex solution in 
benzene is centrifuged at high speeds, the sediment is a gel, which when coagu- 
lated with acetone is tough and elastic. 


Tasie IV 


Percentage reduction of concentration 


L hr. at 5,000 1 br. at 40,000 


Latex sample r.p.m, r.pan, 
TJ-1 latex from untapped tree 36.1 72.3 
TJ-1 clonal latex 5.9 20.7 18.2 
Mixed clonal latex 6.0 11.5 21.4 
Mixed clonal latex dried by evaporation 1.8 16.8 
Bulked estate latex 5.0 15.5 22.4 
6 hours 
19.3 


The agreement between the amount of material removed by centrifuging at 
high speed and that removed by calcium sulfate makes it probable that the two 
methods are removing the same material. The microgel in the latex from an 
untapped tree is coarser than the microgel in normal latex and accounts for a 
large proportion of the rubber content of the latex. 

Fresh smoked sheet dissolved readily in benzene to give clear filterable solu- 
tions. When these solutions are treated with calcium sulfate, or centrifuged at 
high speed, part of the rubber is removed from solution. Twenty-five samples 
of RSS-1 used in technical classification were obtained from estate rubber, each 
sample from a different estate. The microgel content varied from 5 to 15 per 
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cent of the rubber. Latex from each of twenty-five different clones growing on 
the R.R.I. Experiment Station was made into air-dried sheet, and the microgel 
content determined (see Table V). In general the amount of material removed 
from solutions of sheet is less than that removed from latex solutions as the 
coagulation process removes nonrubber components amounting to approxi- 
mately 5 per cent of the rubber. The microgel does not seem to be affected by 
the processes of coagulation and drying. 


TABLE V 


Mooney Microgel Mooney Microgel 
Clone viscosity content Clone viscosity content 
PB-86 99 17.5 AV-49 76 9.1 
RRI-502 97 9.4 PB-25 75 10.4 
RRI-524 92 9.5 TJ-16 75 12.3 
AV-50 90 13.2 RRI-526 71 2.5 
TJ-1 87 6.8 B-84 70 3.8 
A-44 85 14.7 PB-23 69 4.2 
RRI-511 83 8.4 RRI-528 67 6.6 
RRI-529 83 8.6 RRI-506 66.5 11.5 
RRI-513 82 13.8 AV-152 64 9.6 
RRI-527 79 7.8 PB-186 52 2.0 
RRI-523 79 6.5 RRI-501 43 3.9 
RRI-525 78 9.7 
RRI-512 78 1.8 
BD-5 77 11.7 


Microgel contents were determined as the per cent reduction in total solids 
on treatment with calcium sulfate. 
Microgel has not been detected in old smoked sheet, which normally con- 


tains macrogel. 


A correlation between the microge! in latex and macrogel in 


old smoked sheet can be obtained only after long-term storage experiments. 
The redox system tert.-butyl hydroperoxide (TBH) and tetraethylene penta- 
mine (TEP) is known to cause hardening of the rubber in latex, such that the 


Tasie VI 


Intrinsic 
Viscosity 


after centri- Per cent 
Intrinsic fuging 1 hr. removed 
Sample Viscosity at 140,000 g in centrifuge 
Latex ammoniated 0.5% 6.4 6.3 5.5 
Latex ammoniated 0.5% 6.4 7.1 7.3 
24 hour treated samples: 

1 hour 5.1 6.25 6.5 
4 hour 3.6 4.6 43.6 
24 hour 1.8 2.3 43.0 


Dried coagulum 19.5% soluble in benzene. 


dried crepe has a Mooney viscosity about twice that of an untreated sample®. 
This process is associated with the formation of microgel in the latex. 

One hundred ml. of bulked estate latex (35 per cent dry rubber content) was 
ammoniated to 0.5 per cent NH, and treated with | g. of tert.-butyl hydroper- 
oxide and 1 g. of tetraethylene pentamine. Samples were taken at the start 
and at 1, 2, 4, and 24 hours. Each sample consisted of | ml. latex which was 
dispersed in 250 ml. of benzene. The intrinsic viscosity of the latex solutions 
was determined, and the remainder of the solution was centrifuged at 140,000 g 
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for | hour. The concentration and intrinsic viscosity of the solutions were 
determined. After the 24-hour sample had been taken, the rest of the latex 
was coagulated and dried in a vacuum. 

The amounts of peroxide and amine were chosen to give a considerable ex- 
cess. It appears that degradation of the sol rubber occurred simultaneously 
with the growth of microgel. The later samples behaved in a way very similar 
to microgel latex described by Bloomfield‘, and were difficult to dissolve. The 
dried rubber had a Mooney viscosity of 160, compared with 80 for a sample of 
untreated rubber. 

Tasie VII 


Equivalent diameter at swelling 


Percentage factor of 

Speed Period loss of —-_-—_ 
(rpm) (hre.) total solids 10 100 1,000 

5,000 l 75 1.0 1.5 2.2 

10,000 | 8.3 0.3 0.5 0.7 
20,000 1 8.5 0.16 0.24 0.35 
40,000 ] 12.1 0.08 0.12 0.18 
40,000 6 12.3 0.046 0.07 0.10 


The size of the particles of microgel can be calculated from the dimensions 
of the centrifuge rotor, the density of the particle, the density and viscosity of 
the medium, and the period and speed of the centrifuging. The only unknown 
in these quantities is the density of the microgel particle. The density of un- 
swollen rubber is approximately 0.91, but the microgel can be expected to be 
swollen by the benzene. The swelling factor cannot be determined directly 
but it must lie between certain limits. A lightly vulcanized rubber has a 
swelling factor of about 10. A gel sample swollen to a factor of 200 is so weak 
that it disintegrates with small movements of the solvent. The swelling factor 
for microgel must lie between 10 and 1000, with about 100 as the most likely 
value. 


Tasie VIII 


Percent reduction in total solids 


Solvent Latex l Latex 2 ‘i Latex 3 
Benzene 16.5 12.0 18.7 
Toluene 15.2 13.2 
Trichlorethylene 9.1 7.8 10.7 
Carbon tetrachloride 10.0 7.4 7.9 


A sample of latex solution was centrifuged for 1 hour at speeds of 5000, 
10,000, 20,000 and 40,000 r.p.m., and for 6 hours at 40,000 r.p.m. The diameter 
of the unswollen microgel particles has been calculated for swelling factors of 
10,000 and 1000. 

The loss in total solids at low speeds is due mainly to the removal of benzene 
insoluble nonrubber substances. 

It is common experience that in the determination of macrogel, the results 
obtained depend on the solvent used. The results given in this paper were all 
obtained using benzene as the solvent. When other solvents were used, the 
percentage of microgel varied with the solvent. 

Table VIII gives the results obtained by dissolving three samples of latex in 
different solvents, to give the same concentration in each case, and treating the 
solutions obtained with equal weights of calcium sulfate. 
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The term microgel was originally used by Baker*® and applied toGR-S. As 
defined by Medalia’, microgel consists of internally crosslinked molecules of a 
size comparable with that of latex particles. This author showed that micro- 
gel of small molecular weight should be truly soluble in benzene, and in a later 
paper® described the preparation of microgel samples by fractionation of GR-S. 
The intrinsic viscosities of the microgel solutions suggested a molecular weight 
of about 10°. 

Bloomfield‘ used a similar definition for the microgel in latex from untapped 
trees. The fact that much of this microgel can be centrifuged from solution at 
low speeds suggests that the size of the microgel in old latex may well be com- 
parable with that of the latex particles. 

In this paper, the microgel is defined as that part of a solution of rubber in 
benzene which passes through a No. | sintered glass filter yet is removable from 
solution by physical means, either by centrifuging or by adsorption on a chemi- 
cally inert powder. This definition differs from the preceding one in that it does 
not involve any assumptions about the size of the microgel particles or the forces 
holding them together. 

In fresh latex the microgel particles are of the order of 0.1 w in diameter, 
whereas the average size of the latex particles is of the order of lu. Measure- 
ments of particle-size distribution on the fresh latex used show that the amount 
of rubber in particles of 0.1 « diameter or less is much less than the amount of 
microgel in the rubber from the whole latex. It is unlikely that the microgel 
in fresh latex is due to the total internal crosslinking of the latex particles, and 
probably the microgel is present as part of the rubber hydrocarbon in relatively 
large latex globules. This conclusion is supported by the fact that if latex is 
centrifuged to separate the large sized globules from the small ones, the rubber 
from the small latex particles contains less microgel than rubber from the whole 
latex. 

A rubber particle of diameter 0.1 » will have a molecular weight of approxi- 
mately 3 X 10°. The molecular weight of the rubber molecules in fresh latex 
is of the order of 10°, so that each microgel particle contains up to 300 molecules 
of rubber. If these molecules were held by covalent linkages, the percentage 
of microgel would be independent of the solvent used in the estimation. This 
is not entirely so, because chlorinated solvents seem to have the power of partly 
dispersing microgel in the same way that they partly disperse macrogel. The 
linkages that occur may be between molecules of rubber hydrocarbon or they 
may involve the presence of nitrogenous or oxygen-containing groups. Since 
microgel is present in purified rubbers, the amount of nitrogen involved must be 
small. Owing to the large molecular weight of the rubber molecules, a small 
number of oxygen or nitrogen atoms per molecule would not be detectable by 
normal analysis. 

While the size of the largest microgel particles can be fixed by determining 
the centrifuging conditions needed to remove them, no evidence is available 
about the lower limits of size. It is reasonable to assume that microgel particles 
exist in all sizes down to the size of a normal molecule, i.e., that the smallest 
microgel particles are branched rubber molecules. It may be that the microge! 
particles of 0.1 u diameter are groups of highly branched rubber molecules held 
together by physical entanglement or by polar forces 

The presence of microgel increases the uncertainty of molecular-weight 
measurements with fresh latex. In viscosity measurements, the microgel acts 
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as an inert diluent, and its main effect is that the true concentration of rubber 
in solution may be up to 20 per cent less than the value calculated from the 
weight of dry rubber and the volume of solvent. In osmotic pressure and light- 
scattering measurements, the microgel also interferes with the measurement. 
Microgel blocks osmometer membranes making them impermeable to solvent. 
The light scattered by a solution containing microgel is almost entirely due to 
the scattering power of the microgel, and not to the dissolved rubber. In any 
measurements on molecular weight of the rubber in fresh latex, all microgel 
must be eliminated before measurements are made. 

The most promising way of removing microgel is the use of fine powders. 
The effectiveness of a powder depends primarily on its particle size, the finest 
powders being the most efficient. The microgel particles probably adhere to 
the surface of the powder, so that powders with the largest specific surface area 
are the most effective. With a suitable choice of solvent and adsorbent, it is 
possible that a chromatographic column could be used. 

Some synthetic polymers can be removed from solution by adsorption on 
suitable solids. In the case of polystyrene on charcoal’, the rates and extent of 
adsorption increase with decreasing solvent power and decreasing molecular 
weight. The fine powders used may remove some sol rubber, in addition to 
microgel. That most of the rubber removed is microgel can be confirmed by 
centrifuging the solutions at high speed. If poorer solvents than benzene are 
used, or active adsorbents such as activated charcoal, the possibility exists that 
an appreciable part of the rubber may be removed with the microgel. 

There is a loose correlation between the presence of microgel in air-dried sheet 
and the Mooney viscosity of the sheet (see Table V). The Mooney viscosity 
of freshly prepared sheet is affected by a number of factors, of which the micro- 
gel content is one. It is tempting to assume that the gel content of stored sheet 
is related to the microgel content of the original latex, and the little experimen- 
tal evidence available supports this assumption. 


SUMMARY 


The rubber hydrocarbon in fresh latex can be dispersed in benzene to form a 
solution that passes easily through a porosity-1 sintered filter. When this 
solution is treated with a finely divided adsorbent powder, part of the rubber is 
removed from solution. The powders that have been tried and found effective 
are calcium sulfate (anhydrous), calcium oxide and hydroxide, kaolin, magne- 
sium oxide, kieselguhr, charcoal, lamp black, furnace black, and channel black. 
These materials have little in common except a small particle size. The 
amount of rubber removed varies with the absorbent used. The actual viscos- 
ity of the solutions is not affected by the removal of 10-20 per cent of the rubber 
present. 

Similar results can be obtained by centrifuging the solution at 144,000 g. 
These results can be explained by assuming that part of the rubber in normal 
latex is in the form of microgel, i.e., crosslinked rubber particles of small size. 

The microgel latexes examined by Bloomfield are shown to be a special type 
in which most of the rubber is present as microgel. 

Some microgel is present in every sample of latex examined. The amount 
of microgel depends on the clone, and varies between 5 per cent and 30 per cent 
of the total rubber. An average value for bulked latex is 15 per cent. 

The microgel content of a latex can be increased by treating the latex with a 
redox system as used to initiate polymerization. The increase of microgel is 
accompanied by an increase of the Mooney viscosity of the dried rubber. 
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Microgel is not affected by coagulation and smoking of the sheet. In 
freshly prepared smoked sheet the microgel content is similar to that of the 
original latex. On storage the microgel is no longer detectable, but a macrogel 
component appears. 

The particle size of microgel has been estimated as 0.1 u. This is smaller 
than the size of the latex particles from which the microgel was derived. 
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The negative charge of rubber particles in Hevea latex has been demon- 
strated by a number of workers' and has been taken advantage of in the electro- 
deposition of rubber from a latex bath. The ingredients of a latex bath are 
numerous, and include substances like sulfur, zine oxide, china clay, wetting 
agents, etc., each having a more or less specific role. The influence of these 
ingredients on the mobilities of rubber particles has not been properly assessed, 
although it is known that electrodeposition is affected by the added substances 
to an appreciable extent. The influence of small amounts of electrolytes* and 
wetting agents’ on the electrophoretic mobility of rubber particles was noted by 
several workers. 

In the present investigation, some of the ingredients of the bath, e.g., china 
clay, sulfur and zine oxide, were obtained in the colloidal form, and the electro- 
phoretic mobility was measured individually and in mixtures of them, both 
among themselves and with latex. One of the objects of this study was to 
assess, if possible, the individual effect of the ingredients or mixtures of them on 
the electrophoretic mobility or ¢-potential and subsequently on the electrode- 
position of latex. The electrodeposition of rubber finds, as is well known, in- 
dustrial applications in the preparation of microporous rubber‘. 


EXPERIMENTAL 


The Hevea latex used in the present study was obtained in a concentrated 
form from South India. The colloid content was determined by evaporating 
and drying a known volume of the suspension at 75° + 2°. The latex was 
suitably diluted for subsequent experiments, 

China clay was boiled with dilute hydrochloric acid, washed free of acid and 
then peptized with ammonium hydroxide. The sol was diluted to 3 per cent. 
A 1 per cent zine oxide sol was prepared by mixing | part zine oxide, | part 
water and | per cent ammonium caseinate (dry weight) of zine oxide and then 
by requisite dilution. Colloidal sulfur (0.02 per cent) was prepared by pouring 
a saturated solution of sulfur in absolute alcohol to a large volume of distilled 
water, and then removing as much alcohol as possible. 


MEASUREMENT OF CATAPHORETIC SPEED AND 
ELECTROKINETIC POTENTIAL 


The speed of the colloidal particles was measured at 0.79 depth in a micro- 
cataphoresis cell, designed by Abramson as a modification of the Northrup- 
* Reprinted from the Journal of the Indian Chemical Society, Vol. 33, No. 4, pages 253-256 (1956) 


250 


a 


ELECTROCHEMICAL ASPECTS OF RUBBER LATEX 251 


Kunitz type. The ¢-potential was calculated by the simple Helmholtz relation : 


4arne Ad (300)? 
DiRt 


where 9 = viscosity of the medium (0.01 poise approximately); D = dielectric 
constant of the medium (80); A = cross-section of the electrophoretic cell 
(0.073 cm.*); i = current in amperes; ¢ = cell constant (0.224); d = length of 
50 divisions of the scale of the microscope (0.0417 em.); t = time in seconds 
required to move 50 divisions; R = resistance in ohms of the sol measured in 
the conductivity cell. 
TaBLe 

Colloidal sol Concentration (%) 

Latex 0.034 

China clay 0.5 

Zine oxide 0.1 

Sulfur 0.02 


¢-Potential (mv) 


The calculated ¢-potentials of sols, diluted 10 to 100 times, are shown in 
Table I. The pH was measured with the help of a glass electrode. 

The dilute sols were mixed together in equal volumes, and the ¢-potentials 
were measured as usual. In mixtures containing latex as one of the ingredients, 
the particles which were singled out for velocity measurement were invariably 
those of latex. In the first four mixtures, recorded in Table II, the china clay 
particles could be easily spotted for measurement. 


II 


Mixtures of sols {-Potential (mV) 


China clay + sulfur ‘ 27.3 (china clay) 
Zine oxide + sulfur : 29.5 (china clay) 
China clay + sulfur + zinc oxide 6 24.3 (china clay) 
China clay + zine oxide , 36.3 (china clay) 
Latex + china clay : 18.3 (latex) 
Latex + zine oxide 6 19.8 (latex) 
Latex + china clay + zine oxide : 60.1 (latex) 
Latex + sulfur : 28.1 (latex) 
Latex + sulfur + zine oxide § 29.7 (latex) 
Latex + sulfur + china clay J 32.3 (latex) 
Latex + sulfur + china clay + zine oxide “ 35.6 (latex) 


PH OF LATEX 


The variation of the cataphoretic speed of the rubber particles with pH, 
individually and in mixture with some of the colloidal compounding ingredients, 
was measured by using various buffer solutions ranging from pH 1 to 10. 
Sodium carbonate-bicarbonate buffers were employed in the alkaline range, 
while the acetate buffers were used in the acid range. For lower pH, a hydro- 
chlorie acid solution was used. With the exception of the concentrated solu- 
tions having very low pH, the ionic concentration was maintained at 0.01 N. 
The results are graphically shown in Figure 1, from which the isoelectric pH is 
found to be 4.2, 

DISCUSSION 

The ¢-potential of latex and the compounding ingredients appears to de- 
crease in the order: china clay, zine oxide, latex, sulfur, which is also the de- 
creasing order of the pH of the suspensions. 


- 
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An examination of the graph in Figure | reveals that sulfur sol, which has 
the lowest potential among the compounding ingredients, lowers the ¢-potential 
of the others by its presence. A mixture of zine oxide and china clay sol has an 
intermediate potential, but in the presence of sulfur the potential is considerably 
lowered. In the presence of both china clay and zinc oxide, the ¢-potential of 
latex increases, and reaches the highest value when the three are present to- 
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LATEX (4:2) 
D LATEX +CHINA CLAY (3-8) 
@ LATEK+2ZINC OXIDE (3:0) 
LATEX + SULPHUR (5:1) 
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gether. But the addition of sulfur to all these mixtures markedly lowers the 
f-potential. The {-potential of sulfur is, of course, increased in the presence 
of other ingredients. 

The isoelectric point of latex is found to be 4.2, which is somewhat higher 
than the value (3.7) observed by Subramanyan, Ghosh, and Rao®. This is 
lowered to pH 3.0 and 3.8, respectively, in the presence of zinc oxide and china 
clay sols, but increased to 5.1 in the presence of sulfur sol, which destabilizes 
the latex, as has been shown by the potential measurements. The effect of zinc 
oxide and china clay sols is to stabilize the latex toward acids. Zine oxide 
lowers the isoelectric point to a greater extent than china clay. This is perhaps 
due to the presence in zinc oxide of ammonium caseinate, which is a stronger 
stabilizing agent than ammonia present in china clay. The destabilizing effect 
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of sulfur sol may be partly due to the presence of a little aleohol that could not 
be removed from it. 


SUMMARY 


The electrophoretic speeds of rubber latex particles as well as of colloidally 
dispersed compounding agents, e.g., zine oxide, sulfur, china clay, and mixtures 
of them as are generally employed in baths for electrodeposition, have been 
measured in a microcataphoresis cell of the Northrup-Kunitz type. The ¢-po- 
tential of latex, calculated from the electrophoretic speeds, is considerably in- 
fluenced by the presence of the compounding agents. Sulfur sol having the 
lowest {-potential tends to reduce that of latex as well as of others in a mixture, 
whereas zinc oxide and china clay, which have higher ¢ potentials, tend to in- 
crease the value for latex. A mixture of zine oxide and china clay shows the 
highest (60 mV) ¢-potential compared to latex itself (¢ = 28.8 mV). The iso- 
electric point of rubber latex was measured by calculating the ¢-potential from 
the electrophoretic speed at different pH values, which were maintained by 
means of NagCOs- NaHCO, buffers at the higher range and acetate buffers at 
the lower range. The I.P. was 4.2 and was lowered in the presence of zinc oxide 
and china clay sols to 3.0 and 3.8, respectively, but increased to 5.1 in the 
presence of sulfur sol. 
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STABILITY OF AMMONIATED LATEX AND SOAP- 
STABILIZED EMULSIONS IN THE PRESENCE OF 
COMPLEX ZINC SALTS * 


T. S. McRoserts 


Bairisn Paopucens’ KReseancn Association, 
Ganpen Crry, Herts, 


The effect of zine oxide in reducing the stability of ammoniated latex, as 
evidenced by increase in viscosity or gelation, has been studied by several 
workers'. There is general agreement that destabilization is due to dissolved 
zine compounds and that the solubility of zinc oxide in the latex serum is greatly 
increased by the presence of suitable ammonium salts, due to the formation of 
complex zine ammine ions Zn(NH;)n** in which n = 1 to 4. It is believed 
that gelation or thickening of the latex is due to an interaction between the 
dissolved zine and one or more of the protective colloids (soap or protein) 
which stabilize the latex. The conversion of the long chain fat acid soaps, in 
particular, into insoluble zinc ammine soaps is regarded by many workers as 
the major course of destabilization. 

It is the object of this paper to consider in further detail (a) the solubility 
of zine oxide in solutions of ammonia and ammonium salts, (b) the stability of 
model emulsions stabilized by soap in the presence of complex zinc ammine 
salts, and (c) the interaction between complex zinc ammine salts and fat acid 
soaps in aqueous solution. 


RESULTS 


INFLUENCE OF THE ANION X ON THE SOLUBILITY OF ZINC OXIDE 
IN BOLUTIONS OF AMMONIA AND AMMONIUM SALTS 


The apparatus for measuring solubility is shown in Figure 1. The two tubes 
A and B were separated by a ground glass filter C (which was shown completely 
to hold back suspended zine oxide) and connected at D by rubber tubing. An 
aqueous solution of ammonia and ammonium salt and excess zine oxide were 
introduced into B and shaken in a thermostat until equilibrium was established, 
after which the filtrate was collected in A. The concentration of dissolved zine 
was estimated by titration with potassium ferrocyanide using 3,3’-dimethyl- 
naphthidene as indicator*. Reproducibility was within | per cent. Figure 2 
shows the concentration of dissolved zinc as a function of the total ammonia 
content, at a constant ammonium ion concentration. The solubility is ap- 
preciably greater in the presence of acetate ion, as found by Cassagne', while 
the curves for sulfate and nitrate agree closely, though the solubility appears 
to be slightly greater in the presence of the sulfate ion. 

Figure 3 shows that when solubility is plotted as a function of pH, it is 
essentially independent of the nature of the anion at pH values greater than 
about 8.4. The greater solubility of zinc oxide in the presence of acetate, at 
equal concentrations of ammonia, can therefore be attributed to hydrolysis of 


* Reprinted from the Proceedings of the Third Rubber Technology Conference, London, 1954, pages 38-48 
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ammonium acetate, as suggested by Cassagne. The effect of small changes in 
ionic strength on the solubility of the zine oxide is very small, as the results with 
nitrate and sulfate demonstrate. 

The formation constants ky — k, for the four species of complex zine ammine 
ions Which can be formed in solution have been determined by Bjerrum*®. The 
equilibria involved are: 


Zn** + A= ZnAtt log ki° = 2.18 (1) 
ZnAtt + A= ZnA,** log = 2.25 (2) 
ZnA2** + A= ZnA;** log = 2.31 (3) 
ZnA;++ + A= ZnAgt+ log ky? = 1.96 (4) 


where k° = equilibrium constant at zero salt concentration and A represents 
NH,. 
From these equations it follows that 


= Kp (Zn*+][A} 
CA} 


where Kp = ky ko ky kg and Kg is the solubility product of zine hydroxide. In 
systems where the concentration of free (uncoordinated) ammonia, [A], is 
greater than 0.1 mole/liter, it is apparent that 90 per cent or more of the dis- 


A. 
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solved zinc must be in the form of the tetrammine complex. Provided, there- 
fore, that the limiting solubility of the zine oxide in solutions of ammonia and 
ammonium salt is controlled by the solubility product of zine hydroxide, the 
zine oxide solubility can be calculated approximately from Equation (5). 
When this is done, results in reasonably good agreement with those found in 
practice are obtained (as shown in Figure 3). In this calculation an average 
value for K = 107", as found by Kolthoff*, was used and 1.81 & 10~° for the 
dissociation constant Kg of ammonium hydroxide. No corrections for ionic 
strength were made. The relatively low solubility of zine oxide in aqueous 
ammonia, in the absence of ammonium galts, is due to the fact that the con- 
centration of free ammonia cannot rise without a corresponding increase in the 
hydroxy! ion concentration. In the presence of certain anions, e.g., some of the 
longer chain fat acid anions, the limiting concentration of dissolved zinc no 
longer depends on the solubility product of zinc hydroxide, although Equation 
(5) should still hold, of course. 


STABILITY OF SOAP-STABILIZED EMULSIONS IN THE PRESENCE 
OF COMPLETE ZINC AMMINE SALTS 


The model systems used were 50 per cent emulsions of paraffin hydrocarbon 
in water, stabilized with ammonium laurate, subsequently diluted to 22 per 


Zn dissolved (motes Tre) 


63 os 07 
Normality of Total NH, added 


Fie. 2.—Solubility of zine oxide in ammonia and ammonium salts. 
O 0.758M Nis, acetate 
x NH, sulfate 
0) 0.758M nitrate 
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Fig. 3.—pH/solubility plot for zine oxide in ammonia and ammonium salts 
© 0.758M NH, acetate x NH, sulfate 
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cent oil content by addition of an aqueous solution of a complex zinc ammine 
salt. Emulsion stability was determined by measuring the rate at which oil 
separated as a bulk phase when the emulsions were allowed to stand in a thermo- 
stat. Results are expressed in terms of the half-life times of the emulsions, i.e., 
the time taken for 50 per cent of the oil phase to form a separate layer. The 
complex zinc salts were prepared by addition of ammonia to solutions of the 
corresponding simple zine salts. For purposes of comparison, the fat acid soap 
content of a normal sample of centrifuged 60 per cent latex may be taken as 
0.03 to 0.05 mole/liter of serum, and the ammonia content as approximately 
0.9 mole/liter of serum. The solubility of zine oxide in the serum, in the 
absence of added ammonium salts, will probably be of the order 0.03 gm. atoms 
of zine/liter of serum. 

Effect of ammonia concentration and zinc content.-Figure 4 shows the de- 
pendence of emulsion stability on total ammonia content when temperature 
= 70° C; [Laurate”] = [NH,4*] = 0.014 mole/liter serum; [SOy-~] = con- 
centration of dissolved zine. Although the actual half-life times are subject to 
considerable variation owing to the steepness of the curves, the ammonia con- 
tents at which stability suddenly increases are accurately reproducible. By 
assuming that each zine atom in the system is coordinated with four molecules 
of ammonia, the concentrations of free ammonia at the points where the stabi- 
lity increases can be calculated, as shown in Table |. The pH at which the 
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Fig. 4,—-Stability of 22 per cent o/w emulsion at 70° C 0.014M laurate 


stability increases is 10.8 + 0.1 in each case. It will be seen that the marked 
increase in stability occurs at approximately the same free ammonia concentra- 
tion irrespective of the total dissolved zine or total ammonia content, a fact 
which will be discussed later. The increase in stability above a critical am- 
monia concentration indicates that the highest coordinated complex ion, Zn- 
(NH;)4**, has very little destabilizing power, in agreement with the conclu- 
sions of other workers. 

Effect of soap: zinc ratio.— With 0.014 mole/liter of ammonium laurate, the 
presence of zinc in concentrations greater than 0.010 gm. atoms/liter leads to 
instability at not too high ammonia concentrations. At lower concentrations 
of zine than this, the emulsions were stable for much longer periods at all the 
ammonia concentrations examined. It thus requires slightly more dissolved 
zine than that equivalent to the soap present in order to produce rapid de- 
stabilization. 

Effect of ethylene diamine as ligand.—-E-xperiments similar to those illustrated 
in Figure 4 were carried out using ethylene diamine (en) as the ligand in place 


TaBLe | 
Total concentration 
of zine Total NH, content Free NH; content 
0.018 M 0.80 + 0.05 M 0.73 + 0.05 M 
0.089 M 12 +0.1M 0.834 +0.1 M 


0.535 M 3.1 +£01M 0.96 + 0.1 M 
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of ammonia. Ethylene diamine is much more strongly coordinated to zine 
than is ammonia, as the formation constants (at 30° C) given by Carlson® 
demonstrate, viz., log k; = 5.71, log ke = 4.66, log kx; = 1.72, where k, = 
(Zn(en),** 
[Zn(en) 
mum coordination number of six. 

Emulsion stability results at 70° C with “en'’ as the ligand are given in 
Figure 5. The concentration of uncoordinated ethylene diamine at the point 
where emulsion stability increases rapidly has been calculated (Table II), using 
the values of the formation constants at 30° C, as an approximation. 


fen]. In this type of complex, it will be noted, zine has a maxi- 


200F 
0089M Zn 0179 Zn 
Zn 
é 
£ 
z 
4 i 
02 03 04 


Molarity of Total Ethylene diamine 


Fig. 5.--Stability of 22 per cent o/w emulsion at 70° C 0.014 M laurate 


The pH at which stability increases is 10.3 + 0.1 in each case. 

Again stability increases markedly at the same free “en"’ concentration, 
which is very much smaller however than the corresponding free ammonia con- 
centration in Table 1. This suggests that the destabilizing power of both the 
Zn(en)3** and the Zn(en).** ions is small. 

Comparison of model emulsions with purified latex.—A sample of 60 per cent 
centrifuged latex (Jatex) was purified by successive creaming with solutions of 
ammonium laurate (0.014 M) containing ammonium alginate, at approxi- 
mately the same pH as the original latex. The serum was thereby diluted 2000 
times. The final concentration of alginate in the serum was 0.015 per cent and 
the DRC approximately 60 per cent. The experiments shown in Figures 4 and 
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Concentration of zine 


0.018 M 
0.089 M 
0.179 M 


Taste Il 


Total en content 


0.06 + 0.005 M 
0.24 + 0.005 M 
0.45 + 0.005 M 


Free en content for 
critical stability 
0.020 + 0.005 M 
0.015 + 0.005 M 
0.015 + 0.005 M 


5 were repeated with the purified latex, using time of gelation as 4 measure of 
stability. With the same concentrations of dissolved zinc, ammonium laurate, 
etc., the total ammonia or ethylene diamine concentrations at which stability 
of the latex rapidly increased corresponded very closely, in all cases, with the 
critical concentrations shown in Figures 4 and 5. 


INTERACTION BETWEEN DISSOLVED ZINC AND FATTY ACID SOAPS 


The interaction in bulk solution between dissolved zine and ammonium 
laurate was examined. Solutions of zinc ammine sulfate and ammonium laurate 
were mixed and shaken for 18 hours at constant temperature in vessel B, Figure 
1. The filtrates were collected in A and analyzed for laurate after acidification 
and extraction with ether. Figure 6 shows the amounts of laurate remaining 
in solution under the conditions stated. 

There is no abrupt change in the solubility curve at 0.8 N ammonia which 
is the concentration at which emulsion stability rapidly increases, under the 
conditions of Figure 6. At 25° C, the precipitated soap settles in a well-defined 


Molar concentration of Laurate remaining in solution 
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Fic. 6.—Interaction between zine ammonium ions and NH, laurate in solution 


0.014 M Zn ammonium sulfate 
0.018 M NH, laurate 
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crystalline form over the range of ammonia concentrations examined, viz., 0.5 
N — 2.0 N ammonia. Immediate analysis, after removal of the mother liquor 
by pressing between filter paper, corresponded very closely to Zn(NHs5)>» 
(laurate)». The crystals were easily hydrolyzed by washing with water and 
also lost ammonia very readily over drying agents. At ammonia concentra- 
tions between 0.5 and 1.0 N increase in temperature caused no appreciable 
difference to the amount of soap precipitated, although the appearance of the 
precipitate altered considerably, being amorphous or gelatinous in nature at 
temperatures greater than about 35° C. Unfortunately, owing to the gelatin- 
ous character of this precipitate it was impossible to obtain a reliable analysis. 


Cloud Temp (°C) 


2 
2 
z 


7.--0.042 M ammonium laurate 


It is likely, however, that the co-ordinated ammonia is not greater than that in 
the crystalline precipitate and may be less. The emulsions containing 0.8 N 
ammonia (or less) break much more rapidly at 50° to 70° C than at 25° C, 
Although most of the soap is precipitated at 0.8 N ammonia, at least 0.001 
mole/liter of laurate remains in solution at 70° C. A paraffin emulsion pre- 
pared with this amount of soap and containing 0.018 M zine, remained stable 
at 70° C if the ammonia concentration was greater than 1.0 NV. It seems clear 
that the stability of the emulsions is controlled not only by the amount of soap 
precipitated but also by the nature of the soap. 

At an ammonia concentration of 1.5 N, where the corresponding emulsions 
are highly stable at all temperatures, the amount of soap precipitated does 
change markedly with temperature (Figure 6). The crystalline precipitate of 
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zine diammine-dilaurate obtained at 25° C dissolves on warming and at 35° C 
the solution is practically clear. Above 50° C, soap starts precipitating again 
in a very gelatinous form. The actual amount of soap precipitated at 70° C 
is nearly the same as at 25°C. At still higher concentrations than 1.5 N, the 
precipitate obtained at elevated temperatures becomes more ‘‘fluid’’ and settles 
as a clear concentrated layer at the bottom of the vessel. Preliminary analysis 
of this coacervate phase showed, as expected, that all the components of the 
original system (zinc, ammonia, sulfate, laurate) were present, in equilibrium 
presumably with the non-coacervate phase. 

The effect of pH, zine content, and ammonium salt concentration on co- 
acervate formation has been described by Newnham'. Analogous data have 
been obtained by us, but only a few typical results need be shown. The tem- 
perature at which precipitation of coacervate commences is well defined and is 
referred to here as the “cloud-point”. The effect of zine concentration and 
ammonia on the cloud-point of a system is illustrated in Figure 7. It will be 
seen that a solution containing, for example, 0.090 mole/liter of zine and 0.042 
M ammonium lJaurate ceases to form a coacervate at 70° C if the ammonia 
concentration exceeds 2.3 N. But the ammonia concentration at which the 
corresponding emulsion increased rapidly in stability, at 70° C, was only 1.3 N. 
In the solution, the lowest cloud-point obtainable was at about 40° C (1.7 N 
ammonia) since at temperatures below this the soap separated as a crystalline 
or gelatinous precipitate, as previously described. Similar coacervate forma- 
tion can be obtained with ethylene diamine as the ligand. 


DISCUSSION 


Evidence has been provided that the solubility of zine oxide in ammonia 
solutions, in the presence or absence of simple ammonium salts, is limited and 
controlled by the solubility product of zine hydroxide (Ka) and the formation 
constant (Ky) of the zine tetrammine ion. In terms of chemical components, 
the solubility therefore depends on the concentration of free ammonia and the 
pH (see Equation 5) but not on the nature of the anions present, so long as pH 
is constant. These conclusions appear to be valid only when the pH is greater 
than 8.4 (Figure 3). The inference is that the heat-sensitizing power, in a 
given latex, of ammonium sulfate, nitrate, etc., should be as great as that of 
the ammonium salts of weak acids, provided comparisons are made at ammonia 
concentrations which give the same pH value. 

In agreement with other workers', we attribute the destabilization of soap 
stabilized latex or paraffin emulsions, in the presence of dissolved zinc, to the 
formation of insoluble soaps. Although it is possible that the coacervates 
formed at high ammonia concentrations contain a high proportion of zine 
tetrammine soap, the evidence in this paper indicates that the coacervation 
phenomenon is not directly connected with the destabilization of the emulsions, 
for which a complex ion other than Zn(N H,)4** is responsible. The precipitate 
obtained at 25° C, at the ammonia concentration at which stability increases 
rapidly at 70° C, corresponds to the zinc diammine dilaurate. The loss of 
crystallinity in the precipitate on raising the temperature could be due either to 
conversion to a different soap, i.e., zine monoammine dilaurate, or even zine 
dilaurate itself, or to a decrease in hydration of the diammine dilaurate. We 
consider the latter more probable, particularly since Figure 6 shows that the 
amount of precipitate varies very little as the temperature increases (at the 
critical ammonia concentration) and the heat of dissociation of the zine am- 
mine ions is not large’. The concentration of laurate left in solution at the 
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critical ammonia content is small (Figure 6) and it is probable that zine diam- 
mine dilaurate is present at the emulsion or latex interface, in addition to 
laurate ions. A decrease in hydration of the diammine dilaurate with in- 
creasing temperature would be expected to accelerate destabilization of the 
emulsion. The formation of the diammine dilaurate will be influenced by the 
equilibrium between the zinc ammino ions, viz., 


Znt* + 4A = ZnAtt + 3A = ZnA2** + 2A =— ZnA;ztt + AM 


A decrease in the concentration of free ammonia will increase the concentra- 
tion of ZnA,** ions when, as normally happens, most of the dissolved zine is 
present as the tetrammine complex. The effect of NH,4* ions on the free 
ammonia concentrations is controlled, of course, by the dissociation constant 
(Ky) for ammonia 

([NH*,] Kp 
(NH;] [OH-] 


The observation that the rapid increase in emulsion stability occurs at approxi- 
mately the same concentration of free ammonia, irrespective of that of the total 
zinc, is rather unexpected since the concentration of ZnA,** ions should increase 
in direct proportion to the total zine concentration (at the same free ammonia 
concentration), if all the dissolved zinc is in the ionized state. One possible 
explanation is that zine tetrammine dilaurate, though very soluble, is largely 
undissociated in solution. 


ZnAgtt + 2L7> = ZnAgLe 


So long as zine is present in excess over the laurate ion concentration, [ZnA4Le] 


would then vary only slightly with total zine concentration and the product 
[ZnAg**][L>f? would be approximately constant. Hence, the product 
[ZnA2** J[L~> ? would also be approximately independent of total zine con- 
centration, at a fixed concentration of ammonia, and the conditions in which 
zinc diammine dilaurate is first precipitated ((ZnA.** ][L~* > K,, where K, 
is the solubility product) should not be affected appreciably by the total zine 
concentration. 

This work forms part of the program of research undertaken by the Board 
of The British Rubber Producers’ Research Association. 


SUMMARY 


The solubility of zine oxide in solutions of ammonia and different ammon- 
ium salts has been determined. The interaction between ammonium laurate 
and zinc ammine (or ethylene diammine) salts has been studied in aqueous 
solution, in latex, and in oil emulsions. The results indicate that destabiliza- 
tion of ammoniated latex or soap-stabilized emulsions by dissolved zine oxide 
is due to the presence of zinc diammine ions, which form insoluble dilaurates. 
It is suggested that the increased rate of destabilization at elevated tempera- 
tures is most probably due to a decrease in hydration of the zine diammine 


dilaurate formed at the surface of the rubber or oil particles. 
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KINETICS OF HYDROCHLORINATION OF 
UNVULCANIZED AND VULCANIZED 
LATEX * 


M. Gorpon anv J. 8S. Taytor 


Tecunica, GLascow 


INTRODUCTION 


The accumulation of precision measurements on the kinetics of rubber latex 
reactions’ * can now be extended in new directions. It is fitting that the in- 
spiration of the present work can be traced to van Veersen's exposition before 
the last Rubber Technology Conference of his discovery of the hydrochlorina- 
tion of natural Jatex saturated with hydrochloric acid gas®. 

Subsequent kinetic studies of his reaction permitted an irregularity to be 
discerned in the initial stages, where a small amount, usually about 2 per cent, 
of the rubber units became converted immeasurably fast’. This leads to an 
initial “jump” in the otherwise linear rate curves (Figure 1, top plot). It was 
not until we transferred our attention to synthetic polyisoprene latex of much 
smaller particle size that this phenomenon could be reliably explained**. It 
was shown by electron microscopy’ that the percentage P of the ‘fast’ units, 
given by the intercept on the composition axis, increased with each reduction 
in particle size and generally equalled that percentage of the total rubber which 
lay within 15 A of the particle surface. (For particles > 500 A this means that 
the intercept P is accurately proportional to the specific surface or inversely 
proportional to the surface-average diameter to the particles.) Thus, not only 
was the accuracy of measurements of the fast units increased, but the particle 
surface was at the same time identified as the position at or near which these 
units took up the elements of hydrochloric acid. This study will explore the 
important colloid-chemical implications of this separate surface locus, whose 
reaction mechanism differs radically from that of the bulk locus. The first 
three steps of the program are reported here: 

(i) The first extended the study of very small particles back to Hevea 
latex, where such particles can be isolated by differential creaming. 
Incidentally, this throws light on the problem of the hydrochlorination 
retarder which is present’ in Hevea latex. 

The second step consisted in the kinetic isolation of the surface locus 
reaction from the bulk locus. 

In the third is studied the influence on both surface and bulk hydro- 
chlorination rates of prior vulcanization of polyisoprene latex with 
sulfur. 


HYDROCHLORINATION KINETICS 
RATE CONTROL AND REPRODUCIBILITY FOR THE BULK LOCUS 
The primary classification of polymer reactions according to the participa- 
tion in or exclusion from the rate control of the polymer units has been stressed 


* Reprinted from the Proceedings of the Third Rubber Technology Conference, London, 1954 (published 
in 1956), pages 241-250 
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in connection with sulfur vuleanization’. Latex cyclization’? and latex hydro- 
chlorination’ can be contrasted in this respect. Cyclization kinetics of latex 
revealed the participation of pairs of adjacent units of isoprene in the rate con- 
trolling step, thus yielding useful chemical information®. So the search was 
turned in a similar direction when tackling the kinetics of hydrochlorination, 
especially as the highly co-operative nature of the reaction could be predicted® 
on the basis of the accepted x-ray structure of rubber hydrochloride erystals. 
To explain this structure, it is necessary and sufficient to postulate the co- 
operation of three neighboring isoprene units in a decalin-shaped transition 
state. It turned out, however, that hydrochlorination in the bulk of the latex 
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Synthetic latex II]; 69.5° C, 0.91 atm. HC! 


particles is controlled* by a purely inorganic step, interpreted as the formation 
of a solvated ion pair (H* Cl). The chemical co-operative or stereodynamic 
effects of the organic polymer are lost because of the high speed with which they 
follow upon this slow, but relatively trivial, step. The simplicity of the rate 
control, which leads to excellent linear rate plots with slopes in principle identi 
cal for natural and synthetic polymer (Figures 1, 2, 4), has its compensations. 
It illuminates the colloid-chemical aspects, such as particle size distribution 
diffusion rates, and ion pair stability, rather than the structural chemistry of the 
polymer. While the structure of the rubber/water interface, with its adsorbed 
layer, might yet be found to have some bearing on the surface locus reaction. 
the authors have no evidence of this effect and simplify the present description 
by ignoring this subject. 


75 
P 
Latex V 
50 
4 
Latex V 
1 
x 
4 


266) RUBBER CHEMISTRY AND TECHNOLOGY 


The density gradient micro technique of making the kinetic measurements 
has been adequately described before'*, but previous remarks on the reproduci- 
bility can now be amplified. Slight variations in the bulk rate of hydrochlori- 
nation of synthetic latexes are apparent; as shown in Table I, which presents all 
the data on natural (Dunlop 60 per cent) latex from one original drum and on 
four synthetic latices, the variations do not exceed 25 per cent over the 70-fold 
range in bulk rate covered. Figure 1 illustrates the maximum discrepancy 
observed. The varisility has been attributed‘ to the oxidizability of the 
synthetic polymer, which is not protected by antioxidants. This has been con- 
firmed, in that the bulk rate of synthetic latex II] has been successfully raised 
by about 30 per cent through deliberate preoxidation of the latex. The surface 
rate of hydrochlorination does not appear to be affected by this procedure, nor 
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Rate or OF NATURAL 
AND SyNTHETIC LATEXES 


Total 
pressure Rat« 
Tempera atm. HCI Pressure mole % 
Latex ture, °C +H atm. hour 
Hevea 0 ] | 12.1 
Hevea 0 3 2 181 
Hevea 26.7 5.2 
Synthetic II 26.7 5.6 
Hevea 26.7 2 2 47.5 
Synthetic I 26.7 2 2 51 
Synthetic II 26.7 2 2 51 
Synthetic II] 26.7 2 2 17 
Synthetic V 26.7 2 2 57.5 
Hevea 69.5 J 0.91 2.5 
Synthetic III 69.5 0.91 5.0 
Hevea 69.5 2 ea. 1.95 15 
Synthetic III 69.5 2 ca. 1.95 12 


* Computed by interpolation in Internationa! Critical Tables, through subtraction of the equilibrium 
water vapor pressure 


is the zero order nature of the bulk rate. The mechanistic theory of rate con- 
trol by a purely inorganic step is, therefore, not considered to be affected by 
these slight variations in the measured rates. 


SELECTIVE CREAMING 
FRACTIONATION OF PARTICLE SIZE AND REMOVAL OF RETARDER 


The authors are indebted to C. Moss for suggesting selective creaming as a 
means of obtaining fractions of different particle sizes from natural latex. 
This provides a final confirmation of the surface locus theory, already supported 
by electron microscopy’, which correlates the intercepts in the rate curves with 
the specific surface of the particles. As shown in Figure 2, the finest obtainable 
fraction (F) gave an intercept nearly three times that of the whole latex, while 
the coarse particles (C) forming the top of the cream duly produced a reduced 
intercept. That the particle size of F, though still widely distributed, averaged 
about one-third that of the whole latex was checked by electron microscopy. 
Hydrochlorination kinetics thus furnishes a simple and reliable means of meas- 
uring (surface average) particle diameters, and, by means of selective creaming, 
size distributions of polyisoprene latexes. 
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The following experimental details are relevant: 40 g. of Dunlop 60°% Latex 

yas mixed with 1.8 g. of 20 per cent aqueous Vulcastab LW stabilizer (1.C.1.) 

40 cc. of concentrated hydrochloric acid, and 200 ce. of 0.07 per cent aqueous 
ammonium alginate, and the latex left to cream for two months. The bottom 
10 ce. (clear serum) were discarded, and the next 40 ec. formed fraction F, a 
turbid dispersion of only 1.2 per cent total solid content. Each of the experi- 
mental points on the hydrochlorination of this fraction (Figure 2) was per- 
formed on | mg. of polymer dispersed in about 150 mg. of aqueous hydrochloric 
acid, The high scatter of the points is attributable to these unfavorable condi- 


tions. 
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Fig. 2.—Influence of particle size on the hydrochlorination rate of Hevea latex at 69.6° C 
and 1.95 atm. HCI, 


A, Coarse fraction (C). © Pine fraction (F) 
@ Whole latex. Synthetic latex ITI, 


A second objective of kinetic experiments on creamed latex consists in the 
removal of the basic retarding substance whose presence in the natural, but not 
the synthetic, particle was inferred* from the slow linear portion of the rate 
curves of the whole Hevea latex (Figure 2). It was also shown that mere dilu- 
tion of the constituents in the alkaline serum by creaming was not successful 
in reducing the retarding action. The plot for fraction F presents a step for- 
ward since the slow portion is indeed eliminated, and the fuil rate obtained with 
synthetic latex II] is seen to be attained by fraction F right at the beginning of 
the experiment. The conditions necessary for this elimination, viz., acid 
medium and small particles, strengthen the kinetic inference that the retarda- 
tion is due to a basic substance residing inside the latex particle. Elucidation 
of the nature and mode of action of this substance presents a challenge to the 
latex chemist. 
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ISOLATION OF THE SURFACE LOCUS REACTION 


Figure | shows, from left to right, successive stages in the isolation of the sur- 
face locus reaction by reductions in the reaction rate. This reaction becomes 
visible as the initial rounded portion in the rate curves, when it does not occur 
at too high a speed to be measured. Even in the slowest reaction on the right 
of Figure 1, the curved part still merges into a linear bulk locus rate. For a 
detailed kinetic analysis of the surface rate, which is far beyond the scope of 
this report, the bulk rate requires to be eliminated, and Figure 3 shows that this 
is possible in the range from 0.08~0.33 atm., where the most useful measure- 
ments on the surface reaction have been made. These curves serve as a warn- 
ing, that the measurement of chemical equilibrium properties such as unsatura- 
tion by a latex technique® will have to be considered by cautious reference to 
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Fie. 3.-—Isolated surface kinetics of hydrochlorination of synthetic latex III at 26.7° C 
) 0.33 atm. HCI x 0.08 atm. HCI. 


kinetics and reaction loci. The inference to be drawn from the curve at 0.33 
atm. is not that only 19 to 20 per cent of the units were unsaturated, but that 
this was the percentage lying within range of the surface locus mechanism. 
The slopes of the rate curves in Figure 3 fall off critically with the progress of the 
reaction, because the further a unit lies from the particle surface, the smaller is 
its chance of reaction. Diffusion through the layer of previously reacted units 
has been held* responsible for the high reaction order of the surface reaction. 
Incidentally, this order can now be measured, and the conventional plot for the 
data at 0.33 atm. gives a value as high as 26. 

It has also been pointed out‘ that two different diffusion processes come 
under consideration : that of polymer units outwards to the interface, or that of a 
reactive species of hydrochloric acid inwards from the interface to the polymer 
unit. On limited evidence the former hypothesis was previously favored, but 
analysis of a series of plots on the isolated surface reaction, to be published else- 
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where, leaves no doubt that inward diffusion is reponsible. The lifetime of the 
reactive species diffusing into the rubber is very limited, which is the reason for 
the high reaction order and the practical restriction of the surface reaction to the 
topmost 15 A or thereabouts. The reactive species, which is formed rapidly in 
the aqueous phase, is interpreted as a form of solvated ion pair (H* Cl>), and 
its rapid decomposition in the polymer as a recombination to form covalent 
hydrochloric acid. 


SURFACE LOCUS IN THE VULCANIZATION OF LATEX 


In order to study the hydrochlorination of vuleanized latex with the greatest 
precision, the latex of smallest available particle size was employed, viz., syn- 
thetic latex V with a surface-average diameter of 460 A. From this two vul- 
canized latexes Va and Vb were prepared according to recipes given in the ex- 
perimental section. They differed only in the presence of pyrogallol in Vb, 
intended to act as an antioxidant. It is found below to have produced a 
marked effect on the surface vuleanization of the particles in Vb. As the vul- 
canization of the latex took place under alkaline conditions, oxidation of pyro- 
gallol dissolved in the latex serum took place and became evident through the 
formation of the usual brown color. It is reasonable to connect the acceleration 
of surface vulcanization with the reactive intermediates involved in this oxida- 
tion process (e.g., free radicals). The vulcanization recipes constitute an over- 
cure by practical standards, but were chosen so as to magnify the kinetic effects 
of vulcanization. 

An approximate sulfur analysis of the rubber in Vb after acetone extraction 
showed that practically all of the 3 per cent of sulfur added had combined with 
the rubber. A sulfur combination of about 2.5 per cent could also be calculated 
from the change in specific volume of the purified rubber during vulcanization, 
viz., a fall of 0.0178 ce./g. in latex Va, and 0.0181 cc./g.in Vb. (The formation 
of ebonite, with absorption of 32 per cent of sulfur on the total weight, is known 
to lead to a fall in specific volume of 0.25 ee./g.) The absorption of 2.5 to 3 per 
cent of sulfur normally produces a high state of cure, with an average segment 
length of 12 to 15 isoprene units lying between two crosslinks. However, 
equilibrium swelling in carbon tetrachloride showed that the average segment 
lengths were in the region of 60 to 100 isoprene units for Va and 110 to 170 for 
Vb. These facts show that the combined sulfur was not efficiently used in 
crosslinking, and make it likely that it was not distributed evenly throughout 
the particle. The tworubbers, Va and Vb, gave only weak films after pressing 
them at 100° C, films of Vb being very much weaker than those of Va. Film- 
forming properties depend on the ability of the particle surfaces to flow to- 
gether, and this in turn must depend closely on the state of crosslinking of the 
surface layers. It is therefore suggested that both latexes, but particularly Vb, 
had undergone a preferential surface vulcanization. This will now be con- 
firmed quantitatively by use of the hydrochlorination surface reaction as a tool 
for studying the state of unsaturation of the particle surface. 

Thus the loss of unsaturation due to vuleanization in the surface layers may 
be shown up first as an integrated total effect on the intercept of the fast bulk 
hydrochlorination reaction plot of 2 atm., and then as a differential effect on the 
isolated reaction at 4 atm. Electron micrographs showed that there was no 
change in particle size during vulcanization to which the changes in the rate 
curves could possibly be ascribed. Figure 4 shows a parallel displacement 
downward of the bulk rate plot in going from latex V to Va, and a further dis- 
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placement in going to Vb. The slopes of the lines being identical, it is clear 
that vulcanization has not affected the bulk rate of hydrochlorination, nor 
would this be expected. The intercepts, on the other hand, do change. In the 
interpretation given, the intercept gives a direct measure of the number of un- 
saturated units lying within the topmost 15 A (say four molecular layers) of 
the particles. Latex Va is seen to have lost about 5 per cent, i.e., one double 
bond in four, and latex Vb as many as 10.5 per cent, i.e., one in every two in 
these layers. It is gratifying to find that the latex (Vb) giving much weaker 
films is thus, indeed, found to have the more strongly surface-vulcanized par- 
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Fis, 4. Hydrochlorination rate curves at 26.7° C and 2 atm. HCl. 


* Unvuleanized synthetic latex V. 
© Vuleanized synthetic latex Va. 
@ Vulcanized synthetic latex Vb. 


ticles. The loss of unsaturation here amounts to 10 to 11 per cent of the total 
unsaturation of the particles, which would correspond to half the double bonds 
in the four outermost layers, or all the double bonds in the outer two layers. 
The latter interpretation is supported below. 

Figure 5 shows the isolated surface locus hydrochlorinations of the same 
three latexes. A reduction in the rate is observed on passing from unvulcan- 
ized latex V to the vuleanized Va, and a further reduction when passing to Vb. 
This behavior is in complete agreement with the integrated effects on the inter- 
cept in the last paragraph, in that the progressive deceleration is attributable 
to the loss by vuleanization of one-quarter (Va) and one-half (Vb) of the sur- 
face unsaturation. The only alternative explanation, that the deceleration is 
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due to a reduction in the diffusion rate of the active species (H* Cl~) through 
the crosslinked matrix, is here explicitly negatived; for, in comparison with 
unvuleanized V, latex Vb shows a marked reduction in the rate of hydrochlori- 
nation of the first 5 per cent of the reactive units, equivalent to the mere surface 
layer which can be reached from the aqueous phase without diffusion through 
the rubber network. This marked reduction can only reflect an absence, re- 
sulting from the prevuleanization, of units reactive to hydrochlorination in the 
outermost layer. That these units were deactivated during vulcanization by 
losing their double bonds is a safe inference. 

A preferential vulcanization of the particle surface is thus demonstrated. 
Since the more lightly surface-vulcanized latex Va appeared more strongly vul- 
canized on an equilibrium swelling basis than Vb, it is very likely that an auton- 
omous bulk locus vulcanization was superimposed on this proven surface vul- 
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hie. 5.-— Kinetic test applied to hydrochlorination rate curves at 26.7° C and 0.33 atm. HCL. 
The dotted curves are drawn to be congruent.) 


* Unvuleanized synthetic latex V. 
O Vulcanized synthetic latex Va. 
Vulcanized synthetic latex Vb. 


canization. In any case, the latter would inevitably result in progressive 
saturation of the surface from the outermost layer inwards, just as happens during 
surface hydrochlorination. This suggests the simple kinetic check embodied in 
Figure 5, where the dotted portions of all three graphs are deliberately drawn 
to be identical apart from parallel displacements in an effort to fit the experi- 
mentally given points. The origins of the dotted portions are chosen by refer- 
ence to the intercepts in Figure 4, so that the polymer is in an equal state of 
surface unsaturation in each case, viz., it has lost 10.5 per cent of its unsatura- 
tion. In the top plot this loss is occasioned by the hydrochlorination along the 
solid portion of the plot; in the middle plot the loss is made up of 5 per cent due 
to vulcanization and 5.5 per cent due to hydrochlorination along the solid 
portion; and in the bottom plot the total loss of 10.5 per cent is due to vulcani- 
zation. Very close, but not absolute, agreement is demanded by a more refined 
theory of this test. The excellent concordance in Figure 5 demonstrates the 
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kinetic equivalence of the three origins, chosen without adjustment of unknown 
parameters, thus fully confirming the theory of surface vulcanization. 

The technical importance of surface vulcanization needs little emphasis. It 
is graphically summed up in the warning’ against producing a latex with 
“particles of rubber surrounded by a shell of ebonite."’ The film strength de- 
pends on the extent to which surface vulcanization can be avoided. Fortu- 
nately, this is in principle independent of the amount of vulcanization achieved 
throughout the particle. The density technique of studying latex kinetics 
commends itself for the study of vulcanization recipes from this viewpoint. 
Incidentally, the film strength of unvuleanized synthetic latexes is usually 
inferior to that of Hevea latex, a fact probably connected with preferential 
crosslinking of the synthetic particle surface. 


EXPERIMENTAL 


The following recipes describe the preparation of the vulcanized latexes 
Va and Vb: 


parts/100 

Va (g.) Vb (g.) rubber 
Synthetic latex V (19.5% total solids) 2.56 2.56 
0.88 ammonia 0.130 0.130 
50% ZnO dispersion, containing 4.5% Dispersol L 0.006 0.006 0.6 
50% $8 dispersion, containing 3% Dispersol L 0.030 0.030 3. 
14.2% Aqueous Pyrogallol 0.035 1.0 
zine dibutyl dithiocarbamate dispersion, 

containing 4.5% Dispersol L 0.033 0.033 1.5 


These recipes minus the accelerator were compounded and after tumbling for 
three days at 30° C, the accelerator was added. Then after storing for seven 
days at room temperature, hydrochloric acid was added with consequent de- 
composition of the accelerator and arrest of the vulcanization reaction. The 
kinetic experiments on the hydrochlorination reactions (Figures 4 and 5) were 
then performed over a period of four weeks. 

The equilibrium swelling experiments were carried out with small fragments 
(< 1 mg.) of pressed up film, such as are used in the density gradient tube tech- 
nique’. Films of latex V before vulcanization dissolved in carbon tetrachloride, 
while Va and Vb swelled up to about 5 times and 6.5 times their original volumes, 
respectively. These swelling ratios were determined by finding the density of 
the swollen gel in a density gradient tube. Using the known interaction con- 
stant (u = 0.28) for the system rubber/carbon tetrachloride, and the well- 
known Flory formula, the segment lengths quoted in the text were found. 


GENERALIZED CONCLUSIONS 


The pattern of future work on latex kinetics will be set by the following 
principle: The kinetics of latex reactions can give structural information about 
the polymer and its reactions, if the polymer is involved in the rate-controlling 
transition state, or colloid-chemical information if a step can be isolated from 
which the polymer is excluded. Kinetic studies are the inevitable tool for the 
understanding of reaction loci. This paper provides evidence for the claim, 
that the surface locus is an important key to the technical properties of vul- 
canized latex. 

Contrary to intuition, rubber is an exceedingly reactive substance, whose 
normal stability is due mostly to its properties as a poor solvent for polar sub- 
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stances rather than to any intrinsic chemical stability. Cyclization and hydro- 
chlorination in latex show that certain polar reagents react instantaneously with 
the unsaturation in rubber, and these reagents are available in relatively mild 
aqueous solutions. In the surface locus reactions, such species penetrate into 
the rubber particle, but their lifetimes are so short as to limit their range to a 
few A units. In the bulk reactions, reagents of greater stability, or reagents 
formed from relatively stable precursors in the rubber, are involved. The latex 
system provides the interface across which the reagents must wander from their 
familiar polar surroundings; but the solution properties of polymers, to the 
understanding of which rubber has already contributed the lion's share, will 
ultimately assert their importance in this field of study also. 


SUMMARY 


In the van Veersen hydrochlorination of latex, two stages associated with 
different reaction loci and mechanisms are distinguishable: a surface reaction in 
an outer shell and a bulk reaction inside the particle. The rate control of the 
two mechanisms is discussed. The surface reaction stands isolated at low 
pressures of hydrochloric acid, and is measurable down to about 0.08 atm. of 
the gas. It affects only about 2 per cent of the rubber in Hevea latex, but up 
to over 20 per cent of synthetic or selectively creamed Hevea latex with suffi- 
ciently fine particles. The saturation of double bonds at the surface locus pro- 
ceeds in an inward direction from the particle surface, and is limited to about the 
outer four layers of polymer chains. This restriction is due to the instability of 
the diffusing reagent in the rubber medium, which also accounts for the enor- 
mous nominal reaction order of the surface reaction. This order was found to 
be about 26 in one run, while the bulk reaction follows zero order kinetics. 
The kinetics of the isolated surface reaction is shown to be a useful tool in study- 
ing the unsaturation of the surface layers in vulcanized latex. By its means it is 
proved that a surface reaction can also affect latex vulcanization. This is 
technically important because the film strength of latex decreases critically 
with increasing vulcanization of the particle surface. 
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CHLORINATED RUBBER AND NITROGENOUS 
PLASTICIZERS. I. VISCOSITY OF MIXTURES 
OF CHLORINATED RUBBER AND 
ANHYDROFORMALDEHYDE 
URETHAN * 


Giva AND Corrapo MANCINI 


Inerrrure or Organic Cuemierny, Untvensiry or Turin, 


It is an already recognized fact that various types of plasticizers modify 
notably the physical properties of chlorinated rubber’. In a first series of 
experiments we have studied the influence of crystalline anhydroformaldehyde 
urethan on the viscosity of chlorinated rubber. In a much earlier work? it had 
been shown that erystalline anhydroformaldehyde urethan, previously de- 
scribed as the dimer of methyleneurethan, has instead actually a trimeric con- 
stitution, corresponding to tri-N-carbethoxytrimethylenetriamine or the tri- 
ethyl ester of hexahydro-1,3,5-triazine-1,3,5-tricarboxylic acid. This crystal- 
line trimer is present, together with the tetramer, dispersed in the semi-fluid 
resin which is formed by a polycondensed linear chain: 


| | 
CO,CH, COC,H, CO,C,H, 


The trimeric structure of anhydroformaldehyde urethan was later estab- 
lished by Marvel, Elliott, Boettner, and Yuska* in a comprehensive investi- 
gation of urea resins. Formalurethan resin has been found in researches not 
yet published to act as a plasticizing agent for cellulose esters, including cellulose 
nitrate. 

In the experiments described in the present work, a technical grade of 
chlorinated rubber, Clortex A, was used*. It was purified by solution in chloro- 
form and benzene and reprecipitation by ethyl alcohol. 

The viseosity of this purified chlorinated rubber in chloroform and in 
toluene was then measured. These measurements, like all the others, were 
made at different temperatures in order to ascertain whether the relative vis- 
cosity plotted as a function of the temperature would show individual points or 
some sort of significant points which would indicate characteristic variations 
with the temperature. 

As is evident from the data in Tables I and II, the trend of the relative 
viscosity with temperature is normal, i.e., the viscosity decreases with rise of 
temperature. Figure | shows the course of the curves at 25° C for solutions of 
chlorinated rubber both in chloroform and in toluene. In addition, the oppor- 
tunity was taken, on the basis of these measurements, to determine as precisely 
as possible the values at 25° C, since this temperature is of most interest in the 
determination of the intrinsic viscosity [7]. 

Translated for Ruspen Curmistry Trcunovoay from La Chimica L'Industria (Milan) (the 


combined Giornale di Chimica Industriale ed Applicata and L'Induatria Chimica), Vol. 38, No. 1, pages 1-5, 
January 1956. 
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| 
Cvortrex A IN CHLoRororM RELATIVE VISCOSsITIES 


Concentration 


Temperature 
0.01 0.05 0,1 O15 


20° 1.010 1,020 1.041 1.066 
22° 1,008 1.020 1.040 1.066 
24° 1.006 1.020 1.040 1.066 
25° 1,004 1,020 1.040 1.066 
26° 1.004 1,020 1.040 1.066 


Tas.e II 


Crorrex A In Totvene Viscosiries 


Concentration 
Temperature 
(°C) 


0.01 0.05 0.1 O15 0.2 


20° 1.004 1.012 1.022 1.037 1.051 

33° 1.002 1.009 1.021 1.035 1.047 

24° 1.002 1.009 1.021 1.034 1.047 

25° 1.0014 1.008 1.019 1.034 1.045 

26° 1.001 1.008 1.018 1.034 1.044 
From these values of the relative viscosity at 25° C then, the respective . 
specific viscosities ,, were derived for very dilute solutions, and the ratios of : 


these values to the concentration, i.e., n.,/c, were plotted as a function of the 
concentration. This made it possible to calculate by extrapolation the [7] 
values for the two systems: Clortex A-chloroform and Ciortex A-toluene, thus: 


= lim ep 


on 


To determine better the value of [7], a second straight line was constructed : 


cw 


Fia. 1,—Rleative viscosity at 25° C as a function of the concentration 


Curve 1, Clortex A in chloroform. 
Curve 2. Clortex A in toluene. 
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The meeting point of the two straight lines: 


Ney ID Tres 


gives [7 ], as can be seen on Figure 2. 

The intrinsic viscosity in chloroform is much higher than that in toluene; 
hence, chloroform is the better of the two solvents. It is, in fact, known that 
the intrinsic viscosity increases in proportion to the effectiveness of the solvent. 

This increase of the intrinsic viscosity can be interpreted as an association of 
chains which persists at low concentrations. The association favoring the 
increase of the axial ratios of the aggregates can lead also to an increase of 
viscosity. It is improbable, however, that the differences of the degrees of 
association can fully explain the different [] values for different solvents. 
Account should also be taken of the factor of solvation, which is much more 
probable with a chlorinated solvent than with toluene. One can visualize that 
the molecules of solvent unite firmly enough to the macromolecules of chlori- 
nated rubber to contribute to the hydrodynamic volume of the chains. 


bn 
20 
? 
— 
10 20 


Fia. 2.--Intrinsic viscosity as a function of the concentration ¢ «10°. 


Curve 1. Clortex A in chloroform 
Curve 2. Clortex A in toluene 


The choice of solvent would have been chloroform except for the reason that 
it is relatively volatile, and this wouid have introduced a negative error into the 
precision of the measurements; toluene was, therefore, chosen instead. This 
solvent in addition has been used extensively in similar researches, and some of 
its characteristic constants are well established. 

With this solvent, the mean molecular weight of chlorinated rubber was 
determined, using the relation of Kuhn®: 


= 


The value of the K constant was derived from that found osmometrically by 
Staudinger® (K,, = 0.38 & 10~*), which is valid for: 


lim = 


, 


where c’ is the concentration g./l. and P is the degree of polymerization. 
Transforming for convenience the expression for the concentration in g./100 ce. 
used in the relation of Kuhn, we obtain: 


lim = 10 
c 
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But P = M/M, (where M = molecular weight and VM, = molecular weight of 
the base monomer), hence: 
and 
10 Ky 


kj- 


The value of A derived from K,, is a mean value, but since it was desired to 
determine only a mean molecular weight, this was of no concern. A represents 
a series of values which are constant only for high and medium degrees of 
polymerization, and when a high P value is certain from the chlorine content of 
the product. Since, in the experiments described, the chlorine content was 
approximately 65 per cent, it is not unreasonable to assume that this percentage 
corresponds to a product of a rather high degree of polymerization. 


Fic, 3.-Intrinsic viseosity of anhydroformaldehyde urethan as a function 
of the concentration ¢ X10? in toluene 


The chlorine content and, consequently, the high degree of polymerization, 
not only reassured us of the constancy of the A value, but made it possible to 
derive with precision the composition of the monomeric form which corresponds 
to the data of Bloomfield’? and which referred to two iosprene chains to avoid 
the introduction of atom fractions, is CyoHy,Cl (Cl 65.4 per cent). On this 
basis, M, = ().5 CyoHyCh. 

To be in a position to apply the relation of Kulin, it is necessary to derive 
the value of a. Chlorinated rubber can be regarded as outside the upper limit 
of elastomers, i.e., in the range where the molecules have lost their flexibility, 
are more rigid, and consequently the @ values are higher. The a@ values 
assigned to elastomers lie within the range of 0.5 to 0.7. Thea value of rubber 
has been calculated to be 0.68, and taking into account that the chlorinated 
rubber molecule becomes less flexible than that of the rubber molecule as a result 
of molecular cyclization according to the interpretation of Farmer® of the 
molecular composition of chlorinated rubber of Bloomfield, and also as a result 
of union of lateral chains according to the interpretation of Staudinger®, 
one can assume for chlorinated rubber the a value of 0.86. Furthermore, to be 
able to determine quantitatively the effect of anhydroformaldehyde urethan on 
the a value of the chlorinated rubber molecule, only an approximate value is 
necessary. On this basis, it was possible to calculate the molecular weight of 
chlorinated rubber, and it was found to be approximately 400,000, a result which 
would seem to be reliable in view of the values obtained by other investigators. 

Measurements were then made of the viscosities of solutions of different 
concentrations of anhydroformaldehyde urethan in toluene, and from the results 
the intrinsic viscosity [9] was derived (see Figure 3). The value was found to 
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be definitely lower than that corresponding to chlorinated rubber. It was 
necessary, therefore, to use much more concentrated solutions in order to have 
times of outflow from the capillary, the differences of which would be measurable 
by an ordinary chronometer. 

Corresponding viscosity measurements were next made of solutions of 
mixtures. Increases of viscosity were found even with relatively high per- 
centages of anhydroformaldehyde urethan. From the relative viscosities, the 
intrinsic viscosities were then calculated, as shown in Figure 4, for the four 
mixtures studied. 

Following the method of Kern’, the M, value was then calculated, i.e., the 
mean molecular weight obtained by the viscometric method, of a mixture of two 
polymers. In these calculations the same K constant of chlorinated rubber was 
utilized because it takes into account the interactions of the molecules and 


20 ‘ . 


4 
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10 
c 10° 
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Fia, 4.—Intrinsie viscosity of chlorinated rubber-anhydroformaldehyde urethan 
mixtures as a function of the concentration c  10*, 


Lines 1 10 per cent anhydroformaldehyde urethan 
2 20 per cent anhydroformaldehyde urethan 
3 30 per cent anhydroformaldehyde urethan 
4 40 per cent anhydroformaldehyde urethan 


solvent, and these do change appreciably by the addition of a compound with 
molecular weight only a little higher than 300. It should be added that the K 
values are, in general, of the same order of magnitude, and it may be assumed 
that no appreciable errors are introduced by using the same value. 

By means of the relation of Kuhn, and knowing the values of [7], M,, and 
K, the a value of each mixture can be easily derived. 

It was found that the a value of 0.86 for chlorinated rubber increased to 
values of about 0.9, an increase which could be foreseen qualitatively, since the 
addition of a triazine compound, making possible semipolar bonds and electron 
doublet of nitrogen, should lead to increased rigidity of the macromolecule, and 
an approach to the values characteristic of relatively rigid cellulosic chains. 
This is not, however, in accord with the known plasticizing action of many 
urethan derivatives on other macromolecules, particularly on cellulose nitrate. 


EXPERIMENTAL PART 


PURIFICATION AND ANALYSIS OF THE CHLORINATED RUBBER 


Technical chlorinated rubber (10 grams) was dissolved in 250 ec. of chloro- 
form, the solution was filtered through glass wool, and 250 ce. of ethyl alcohol 
was added in one portion. An ivory colored plastic mass was formed and, on 


sot 
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standing, this became progressively darker, more compact, and difficult to 
break up. 

The best results were obtained by dissolving 10 grams of product in 250 cc. 
of benzene, filtering the solution through glass wool, and adding to the dark 
yellow filtrate, dropwise from a burette, about 50 cc. of ethyl aleohol. A 
pulverulent precipitate was formed initially, and this gradually aggregated into 
flocks and then into a single plastic mass. The latter was broken up mechani- 
cally into granular form, which, when washed with ethyl alcohol, hardened. 

Analysis gave the following results: 


(I) Substance 0.18440 g. AgCl 0.48350 xg. 
(II) Substance 0.16870 g. AgCl 0.44310 g. 
Chlorine found: I 64.86% 

II 64.97% 


VISCOSITY MEASUREMENTS 


The viscosity measurements were made by aid of an Ostwald viscometer of 
15 cc. capacity, equipped with a capillary of 0.6 mm. diameter and with a 
thermostat sensitive to 0.05° C. Solutions of Clortex A in chloroform were 
prepared. The chloroform had been twice distilled and its boiling point was 
60.5° C. The determinations were made each 2° C of temperature, with the 
thermostat regulated at + 0.05° C. This precision was not, however, wholly 
necessary, for a deviation of 0.1° C is acceptable for such viscosity measure- 
ments. 

The values of the relative viscosity for different concentrations as a function 
of the temperature are recorded in Table I. Table II records the viscometric 
data on solutions of Clortex Ain toluene. The toluene had doo 0.866 and boiling 
point 109.5-110.5° 

From the values of the relative viscosity at 25° C were derived the data used 
for the determination of the [7] values in the two solvents. 


Clortex A in chloroform Clortex A in toluene 


« 


Conen nen /e In Conen ney /C In nei /e 


0.01 0.40 0.3975 0.01 0.140 0.1380 
0.05 0.40 0.3956 0.05 0.160 0.1610 
0.10 0.40 0.3910 0.10 0.190 0.1863 
O15 0.44 0.4260 0.15 0.226 0.2226 

0.20 0.225 0.2198 


Extrapolating to the limit, as in Figure 2, there are obtained the following 
two values of [9]: 


Clortex A in chloroform 0.399 
Clortex A in toluene 0.134 


From the values of [7] in toluene, it is possible to derive, by the relation of 
Kuhn, the mean molecular weight of chlorinated rubber. 


Ky, = 0.38 10-4 (n] = K-M* 
10 Kp 
M, 
0.86 M = 409,000 


= 0,02 x 10°* 0.134 = 0.2 x 10°* M°-* 
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hia. 5.--Crystals of anhydroformaldehyde urethan. 


The trimer of anhydroformaldehyde urethan was prepared according to the 
directions of Giua and Racciu®. The product was in the form of white tubular 
crystals (see Figure 5), with melting point 101-102° C. The relative viscosities 
of its solutions at different concentrations in toluene are recorded in Table ITI. 


Tasie Ill 
ANHYDROFORMALDEHYDE in RELATIVE VISCOSITIES 


Concentration 


De mperature 
(°C 


02 O68 OR 
20) 1.004 1.007 1.012 1.015 
22° 1.004 1.007 1.010 1.013 
24 1.002 1.007 1.009 1.013 
25° 1.002 1.005 1.009 1.013 
26° 1.002 1.005 1.009 1.0012 


From these values were calculated the data necessary for the determinations 
of }. 
 Conen np In 
0.2 0.0100 9.0100 
0.4 0.0125 0.0124 
0.6 0.0150 0.0149 
0.0162 0.0161 


The resulting value of [9] was 0.0074. 
The following mixtures of Clortex A and anhydroformaldehyde urethan were 
then prepared: 


Mixture no Anhydroformaldehyde urethan Clortex A 


80 
70 
60 


The viscometric measurements of these four solutions in toluene are re- 


corded in Tables IV, V, VI, and VII. 
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TasLe IV 
Mixture No. 1. 10 Per Centr ANHYDROFORMALDEHYDE UR®THAN 
90 Per Cent CuortTex A. RELATIVE VISCOSITIES 


Concentration 


Temperature 
0.05 O.10 O15 0.20 0.25 

20 LOL 1.029 1.040 1.052 1.060 

22° 1.015 1.027 1.037 1.052 1.059 

24 1.012 1.024 1.036 1.050 1.057 

25° 1.012 1.024 1.036 1.050 1.056 

26° 1.012 1.024 1.036 1.050 1.056 


TaBLe V 


Mixture No. 2. 20 Per Cenr ANHYDROFORMALDEHYDE URETHAN, 
80 Per Centr Crortex A. ReLative ViscositTies 
Temperature Concentration 
0.05 0.1 O15 0.2 

20° 1.014 1.023 1.039 1.047 
22° 1.012 1.022 1.037 1.047 
24° 1.011 1.021 1.034 1.046 
25° 1.010 1.021 1.034 1.046 
26° 1.010 1.020 1.033 1.046 


Tasie VI 


Mixture No. 3. 30 Per Cent ANHYDROFORMALDEHYDE Uretruan + 70 
Per Cent Crortex A. RELATIVE ViIscosITIES 


Concentration 


lemperature 


) 0.10 0.25 


20° 1.015 1.023 1.030 1.054 
22° 1.014 1.022 1.030 1.053 
24° 1.010 1.020 1.028 1.052 
25 1.008 1.0175 1.027 1.049 
26 1.008 1.017 1.026 1.048 


Taste VII 


Mixture No. 4 10 Per Cent ANHYDROPORMALDEHYDE UrerHan + 60 
Per Cent Crortex A. Revatrive Viscosiries 


Concentration 
Temperature O15 O.20 0.25 


20 1.022 1.035 1.040 
22° 1.022 1.032 1.037 
24° 1.021 1.030 1.036 
25 1.021 1.030 1.036 
26 1.020 1.030 1.036 


VIII 
Concentration 
0.05 O10 O15 0.20 0.25 


Nap 0.2400 0.2400 0.2400 0.2500 0.2240 
In 0.2380 0.2369 0.2355 0.2446 0.2176 
Nap /t 0.2000 0.2100 0).2260 0.2300 0.2040 
In 0.1987 0.2076 0.2266 0.2240 0.1987 
Nep/C 0.1600 0.1750 0.1800 0.1800 0.1960 
Met / 0.1590 0.1684 0.1770 0.1766 0.1910 
Nap/¢ 0.1200 0.1400 0.1400 0.1500 0.1440 
In the! 0.1196 0.1290 0.1380 0.1476 0.1410 


Mixture 
Mixture 
Mixture 


Mixture 


l 

l 

no. 

no. 2 a 

no. 4 
4 
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From the data in Table IV, V, VI, and VII were derived the data recorded 
in Table VIII. 
Extrapolation to the limit, as in Figure 4, gives the following four respective 
values: 
Mixture no. value 
0.233 
0.189 
0.166 
0.112 


The mean molecular weights, determined viscometrically, of the four 
mixtures of the two polymers were then calculated from the relation of Kern, 
and, by application of the relation of Kuhn, different a values were obtained. 
These values show practically quantitatively the effect of the trimer on the 
structure of chlorinated rubber. 


Solution M K.Mea a 


J 368,130 0.233 = 0.02 K 10™* 368,130" 0.9102 
2 $27,260 0.189 = 0.02 « 10™* K 327,260% 0.9021 
3 286,390 0.166 = 0.02 K 10™ K 286,390% 0.9014 
4 245,520 0,112 = 0.02 K 10™4 K 245,520%4 0.8809 


The a values, except for solution no. 4, are higher than 0.9000, and this 
indicates that chlorinated rubber-anhydroformaldehyde urethan mixtures are 
very rigid, in fact to a degree comparable with the rigidity of cellulose and its 
derivatives. In turn, the slight decrease of a and hence of [] with increase of 
the percentage of trimer indicates that the [»] value of anhydroformaldehyde 


urethan is appreciably lower than that of chlorinated rubber in the same 
solvent. 


SUMMARY 


The viscosities of solutions of chlorinated rubber in chloroform and in 
toluene and of mixed solutions of chlorinated rubber and anhydroformaldehyde 
urethan in toluene were measured. From the data it was possible to determine 
in an approximate way the mean molecular weight of chlorinated rubber and the 
mean molecular weights, determined viscometrically, of the mixtures. From 
the results it was, in turn, possible to derive the a coefficient in the relation of 
Kuhn. The action of anhydroformaldehyde urethan on chlorinated rubber 
could then be considered on a quantitative basis. 
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PREPARATION AND PROPERTIES OF CONDENSATION 
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INTRODUCTION 


Condensation polymers are ideal materials for the study of the effect of co- 
polymer structure on properties since there are no difficulties in the preparation 
of any desired copolymer structure. Thus, in a two component system a full 
range of compositions, within the limits of the two single component polymers, 
can be made. This is in marked contrast to addition polymerization where 
monomer reactivity imposes restrictions on the compositions of copolymers 
that can be made. 

Polyesters formed by the condensation of glycols and dicarboxylic acids have 
been studied in these laboratories for many years and recent publications’ have 
described the relationships between thermal properties and copolymer composi- 
tion in two component systems. The materials studied were ethylene tereph- 
thalate/adipate copolymers and ethylene terephthalate/sebacate copoly- 
mers. Both systems yielded crystalline copolymers and the melting point- 
composition diagrams were V-shaped. It was further shown that over the 
composition range 100-40 “mole” per cent of ethylene terephthalate, the melt- 
ing point was determined by the molar fraction of the ethylene terephthalate 
units, independently of the nature of the second component and that the 
crystallinity was due to ethylene terephthalate units. Copolymers containing 
less than 30 mole per cent of ethylene terephthalate units showed crystallinity 
due to the aliphatic polyester units and their melting points lay on separate new 
curves characteristic of the aliphatic polyesters. Similar results have been ob- 
tained by Flory? who has derived an expression relating melting point to molar 
composition. 

In these two series of copolymers the two kinds of repeating units are 
scattered at random along the polymer chains. In such a random copolymer 
the average length of portions of chain containing units of one kind will increase 
with increase in the mole fraction of that component, and one can regard the 
melting point as increasing with increase in length of the crystallizable portions 
of the chain. A similar effect is seen in the relationship between melting point 
and molecular weight of crystalline polymers, where melting point increases 
with increase in molecular weight, eventually reaching an asymptotic value. 
It was considered, therefore, that if copolymers could be made in which the two 
types of unit were arranged not at random, but in a small number of blocks of 
like units, then the melting points of such copolymers would be dependent on 
the average length of the block, rather than on the mole fraction of the crystal- 
lizing unit. Such copolymers might therefore be expected to show novel com- 
binations of melting point with other properties such as second order transition 
point, which are dependent on weight composition’. 


* Reprinted from the Proceedings of the Third Rubber Technology Conference, London, 1954, pages 170 
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This paper describes the first method we employed in 1948 to obtain co- 
polymers with the two components arranged in blocks of like units, and also 
records the melting points and some of the physical properties of these copoly- 
mers. We have termed copolymers of this type ‘block copolymers”. 


EXPERIMENTAL 


The block copolymers are based on polyesters formed by the condensation 
of glycols and dicarboxylic acids, and the copolymers studied in greatest detail 
are based on polyethylene adipate and polyethylene sebacate. It is obvious 
that if the two separate polymers can be linked together then a block copolymer 
will result. Thus, if A represents the repeat unit of polyethylene adipate, 
O—CO— (CH2)e—, and B represents the repeat unit of 
polyethylene sebacate, then the 
block copolymer would have a structure of the type: 


B—B—B— B—A—A—A-—A—A—A-—A 
whereas the random copolymer might be represented by 
A—A—B—A—B—B—B—A—A—B—A—B—B 


or any other chance arrangement. The difficulty in linking together two poly- 
esters to produce a block copolymer arises from the relative ease with which 
ester interchange reactions can occur at elevated temperatures. Ester inter- 
change would result in a haphazard arrangement of the two repeat units and 
would produce a random copolymer. Consequently, a linking reaction is re- 
quired which can be effected under relatively mild thermal conditions. It is 
well known that organic diisocyanates have a high degree of reactivity with 

NH», —-OH, and —-COOH groups, and that they can be used to link together 
polymers containing such groups under relatively mild conditions’. A polyester 
such as polyethylene sebacate or polyethylene adipate has a linear structure 
and isocyanate reactive ends which are either OH or COOH groups. By re- 
action with a diisocyanate the ends are linked together as follows: 


HO——-OH + OCN—R—NCO + HOOC OH—— 
HO——-O—-CO—NH—R—NH—CO OH + CO, 


By taking equimolar amounts of polyester and diisocyanate a “super poly- 
mer” of very high molecular weight results. A small amount of chain branch- 
ing occurs as a result of side reactions. The exact nature of the side reactions 
is not known with certainty but one possibility is the reaction of isocyanate 
groups with —-CO— NH-—-groups (formed by reaction of isocyanate with COOH 
groups) or with ~-NH--CO--NH— groups arising from the reaction of iso- 
eyanate with the small amounts of water always present in the system. For 
the present investigation, hexamethylene diisocyanate has been used. Although 
less reactive than aromatic diisocyanates, it interferes less with the crystal- 
lization of the polyester. Thus hexamethylene diisocyanate modified polyethyl- 
ene adipate crystallizes immediately on cooling whereas the naphthalene di- 
isocyanate modified polymer may require several months to crystallize. 

Preparation of polyethylene adipate.—-In a 3-|. flask with a stirrer, an inlet 
tube for carbon dioxide and a short packed column leading to a condenser and 
receiver, were placed 876 g. (6 moles) of adipic acid and 744 g. (12 moles) of 
ethylene glycol. The flask was heated to an internal temperature of 180-200° 
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C in carbon dioxide, so that water distilled over with the column head at 100 
105° C.  Esterfication was continued until the acid value of the melt was es- 
sentially zero and the theoretical volume of water had been collected. The 
pressure in the flask was then slowly reduced to 0.2—-0.3 mm. and condensation 
continued at 200° C until the molecular weight of the polymer was 4000-5000. 

Polyethylene sebacate.—Polyethylene sebacate was made in a similar manner 
using sebacic acid (6 moles) in place of adipic acid, 


MICROMETER READING 


50 


BATH TEMP. C 


1,—Penetrometer curve 


Determination of molecular weights.—Molecular weights were calculated 
from the results of end-group analysis. Hydroxy! end-groups were measured 
by acetylation with a pyridine-acetic anhydride reagent and carboxyl end- 
groups by titration with 0.1 N alcoholic potash. In general, 95 per cent of the 
end-groups were hydroxy! groups. 

Modification of polymers with hexamethylene diisocyanate.—The polyester or 
mixture of polyesters (1 mole) was melted and mixed with hexamethylene di- 
isocyanate (a little over the theoretical amount of | mole is required for maxi- 
mum molecular weight because of losses through volatilization or reaction 
with moisture) and then poured into metal trays and heated for 4 hours at 130° 
C. The polymer was either cast directly for making thin sheets or subse- 
quently compression molded. 
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Determination of melting points.—Measurements of the crystallite melting 
point were made by use of the hot stage microscope or by a penetrometer 
method’. The penetrometer melting points were measured in an apparatus 
which consisted essentially of a vertical steel spindle 8 inches long and } inch 
in diameter fixed in a rigid frame so as to move freely in a vertical direction. 
The upper end of the spindle was pointed to give a sharp contact with the foot 
of a micrometer (reading to 0.0001 inch) which was rigidly fastened to the top 
of the frame and the gap was connected in series with a small torch bulb and an 
accumulator. The top of the spindle could thus be located accurately by screw- 
ing down the micrometer until the bulb lit. About halfway down the spindle 
was a circular flange to carry a weight which was adjusted so that the total 


bern Apipate Brock 


Hot stage 
Weight composition Penetrometer m.p., microscope m.p., 
sebacate /adipate 
100/0 
90/10 
80/20 
70/30 
60/40 
50/50 
40/60 
30/70 49 
20/80 
10/90 52-53 
0/100 


weight of the spindle and its attachments was 150 g. The sample, cut in the 
form of a flat disk about 4 inch in diameter and } inch thick, with parallel sides 
roughened to prevent slipping, was placed on the base plate of the frame under 
the lower end of the spindle, and the lower half of the apparatus was immersed 
in a silicone oil bath. The temperature of the bath was raised at the rate of 
1° C/min. and micrometer readings were taken at one-minute intervals. 

A typical curve is shown in Figure 1. The melting point is taken as the 
intersection of the tangents to the two arms of the curve. 

Melting point data for the hexamethylene diisocyanate modified ethylene 
sebacate /ethylene adipate block copolymers are given in Table I. Some com- 
pounds showed two melting points; both are recorded. 

Ethylene sebacate/ethylene adipate random copolymers.— Random copoly- 
mers were made by condensation of the appropriate mixtures of adipic and 


Tasie II 
Apipate RaANpoM CopoLyMEeRs 


Penetrometer 
Molar composition Molecular weight, melting point, 
sebacate/adipate Mn 

100/0 4600 
90/10 4700 
70/30 4400 
50/50 3660 
30/70 4500 
10/90 4630 
0/100 3900 
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Taste III 


Met BiLenps or ETHYLENE SEBACATE AND ADIPATE 


Penetrometer, Hot stage 
Weight composition melting point, microscope m.p., 
sebacate/adipate °C 

100/0 78 

90/10 77 77 6 
80/20 78 

70/30 75 74 56 
60/40 72 

50/50 76 74 5S 
40/60 52 

30/70 42 75 50 
20/80 50 

10/90 52 75 55 
0/100 52 


sebacic acids with ethylene glycol by a method similar to that described for the 
preparation of polyethylene adipate. Melting point data are given in Table II. 

Melt blends.— Melt blends of polyethylene adipate and polyethylene seba- 
cate were made by rapid mixing of the two molten polymers at 80° C and 
cooling. Melting point data are given in Table III. Again two melting points 
were observed. 

Other block copolymers.—Block copolymers have also been made by linking 
polyethylene sebacate and polypropylene adipate together with hexamethylene 
diisocyanate, and by diisocyanate linking of polyethylene succinate and 
polyethylene adipate. Penetrometer melting points are given in Table IV. 

Infrared spectra of block copolymers.—Infrared spectra of two of the block 
copolymers and two of the melt blends were measured with a Hilger D.209 
infrared spectrometer. 


Tasie IV 
MiIscELLANEOUS BLocK CoPpoLYMERS 


Penetrometer 


Weight melting point, 
Components ratio 
Polyethylene sebacate/polypropylene adipate 85/15 73 
Polyethylene sebacate/polypropylene adipate 70/30 72 
Polyethylene adipate/polyethylene succinate 80/20 SS 
Polyethylene adipate/polyethylene succinate 20/80 97.5 


Characteristic bands were found for solid polyethylene sebacate at 961, $98, 
and 756 em.~' and for polyethylene adipate at 945, 916, and 735 em.-?. 

Ethylene sebacate/ethylene adipate (70:30) block copolymers showed the 
sebacate bands and also a sharp peak at 916 and 735 cm.~', suggesting that 
adipate crystallites as well as sebacate crystallites might be present. 

Ethylene sebacate/ethylene adipate (30:70) block copolymer showed adi- 
pate crystallinity and also a peak at 960 em.~' which, however, may arise from 
the groups introduced by the hexamethylene diisocyanate. 

Examination of 70:30 and 30:70 melt blends of polyethylene sebacate and 
polyethylene adipate, both gave results which suggested that the crystalliza- 
tion conditions affected the type of crystallite formed. Some measurements 
indicated that both sebacate and adipate crystallites were present, and others 
that only one type was present. 
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Physical properties of block copolymers compared with random copolymers and 
single component polymers.—In attempting to assess the effect of modification 
of the chain structure of a polymer on its physical properties, it is important 
that comparisons be made at a molecular weight level where maximum prop- 
erties have been attained; otherwise variations in molecular weight would pro- 
duce variations in physical properties greater than those due to chemical 
modification of the polymer. 

Comparison of molecular weights of diisocyanate modified polymers has 
been made by use of dilute solution viscosity measurements. Insoluble poly- 
mers cannot be characterized in this way but at the molecular weight level of 
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Fig. 2. 


insoluble polymers, maximum physical properties have been reached, although 
variations in the amount of crosslinking of insoluble polymers will affect physi- 
cal properties. 

To enable some separation of the effects of main chain structure, molecular 
weight and degree of crosslinking to be made, a brief account is given of the 
properties of polyethylene sebacate, hexamethylene diisocyanate modified 
polyethylene sebacate, hexamethylene diisocyanate modified ethylene sebacate 
ethylene adipate random and block copolymers, and hexamethylene diisocya- 
nate modified ethylene sebacate/propylene adipate block copolymers. Prop- 
erties of externally plasticized ethylene sebacate polymers are given for 
comparison with the properties of the “internally plasticized’’ copolymers. 
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Since much of the work discussed here was carried out with the object of 
finding a plasticlike material having a high impact strength some emphasis 
will have been placed on the latter property. 

Characterization of samples of polyethylene sebacate of molecular weight 
varying between 1270 and 20,400 demonstrated that such samples possessed a 
stress-strain curve similar in shape to certain grades of polyethylene, i.e., the 
curve showed quite a sharp increase in load with little elongation, followed by a 
plateau effect when the yield point was attained, after which the load remained 
steady during a period of elongation until rupture occurred with no further 
increase in load. The tensile strength of the samples varied with molecular 
weight but brittleness was a property which was inherent in all samples. 

Modification of polyethylene sebacate with a polyisocyanate, e.g., hexa- 
methylene diisocyanate, resulted in a stress-strain curve resembling that given 
by gutta-percha. This is exemplified by Figure 2, but it must be realized that 
the yield point given by these superpolyesters will vary with molecular weight. 
Similar stress-strain properties are shown by polyhexamethylene adipate and 
polyhexamethylene succinate, which have been reacted with hexamethylene 
diisocyanate. 


TaBLe V 
Molecular 
weight of Tensile 
polyester Intrinsic strength, Per cent elongation Impact, 
before Per viscosity kg./em.? at break in. /Ib 
HDI cent of HD Plasti- Plasti- Plasti- 
modifi- HDI modified ciszed cized cized 
eation added polyester Polymer polymer Polymer polymer Polymer polymer 
1270 11.6 0.84 145 113 625 438 26 80 
1270 11.9 1.45 203 163 505 625 28 > 150 
1270 12.1 Insoluble 210 170 325 705 107 > 150 
1270 12.4 Insoluble 240 140 300 650 112 > 150 
2540 3.85 0.73 160 115 200 100 20 48 
2540 5.25 Insoluble 260 159 720 615 65 > 150 
5150 2.2 Insoluble 180 120 100-300 105 21 87 


HDI is the abbreviation used for hexamethylene diisocyanate. 


Materials of this nature, while possessing technically useful stress-strain 
properties and a certain degree of toughness, did not offer satisfactory impact 
resistance. As polyesters of the type described here could not compete with 
gutta-percha on electrical properties, their only possible technical application 
could be in the manufacture of mechanical goods, where good impact resistance 
is an important factor. 

To improve impact resistance the introduction of rubbery polymeric plasti- 
cizers, e.g., butadiene-acrylonitrile type copolymers, using a conventional rub- 
ber mill, was investigated, using a mixture of 100 parts by weight of HDI modi- 
fied polyethylene sebacate and 30 parts of butadiene-acrylonitrile copolymer 
for the plasticized polyester. 

It will be noted that the impact strength is quoted in inches/Ib. The test 
used for this impact work is a novel one, based on practical issues, and is de- 
tailed fully in the Appendix. 

The stress-strain data previously referred to, the tensile figures in the above 
table and all such data quoted herein, have been obtained using the dumbbell 
shaped sample. The polyethylene sebacate wax of molecular weight 1270 
which was used for preparing the above samples was itself too brittle to be re- 
moved from the mold after pressing and therefore could not be tested. 
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Taste VI 


Tensile 
strength, Per cent Impact strength, 
HDI Modified polymer kg./em.* elongation in./lb 


Ethylene sebacate/adipate 90:10 

(molar) random copolymer 22 
Ethylene sebacate/adipate 70:30 

(molar) random copolymer Too brittle to test 

satisfactorily 

Ethylene sebacate/adipate 90:10 

(weight) block 
Ethylene sebacate/adipate 70:30 

(weight) block 165 
Ethylene sebacate/adipate 50:50 

(weight) block copolymer 190 


Table V demonstrates that increasing the amount of diisocyanate added to a 
polyester of given molecular weight results in increased intrinsic viscosity which 
can be used as a measure of molecular weight and in increased tensile strength 
and impact resistance. It also serves to illustrate that further improvement in 
impact resistance can be brought about by the addition of a selected polymeric 
plasticizer. 

Other polymeric plasticizers such as Vulcaprene, a polyester amide, also 
have proved useful. 

It is well known in polymer chemistry that a plasticization effect can be 
achieved by introduction of a second component into the polymer chain by co- 
polymerization. 

Ethylene sebacate-ethylene adipate random copolymers converted to super 
polyesters by hexamethylene diisocyanate modification and block copolymers 
prepared by reacting mixtures of polyethylene sebacate and polyethylene adi- 
pate with HDI were examined. The test data obtained from the copolymers 
made from these two crystalline materials is given in Table VI. 

The use of the second component, e.g., ethylene adipate, to give random 
copolymers, gives no improvement in impact strength over the HDI-modified 
polyethylene sebacate itself. Where block copolymerization is brought about, 


some increase in impact resistance is observed. 


Tasie VII 


Tensile Modulus at per cent Elonga- Tear 
HDI Modified bloek strength, elongations of tion at strength, Impact 
copolymer kg./em.* 100 2000-300 break kg./em.*  in./Ib. 
Ethylene sebacate/prop- 
ylene adipate, 85/15 
wt./wt. block copoly- 
mer 237 
Ethylene sebacate/prop- 
ylene adipate, 70/30 
wt./wt. block copoly- 
mer 105 105 
Ethylene sebacate/prop- 
ylene adipate, 50/50 
wt./wt. block copoly- 
mer 
Ethylene sebacate/prop- 
ylene adipate, 30/70 
wt./wt. block copoly- 
mer 51 
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It was considered that a block copolymer in which the second component 
was not crystalline, e.g., polypropylene adipate, should result in decreased 
crystallinity and therefore in improved impact resistance (Table VII). 

Comparison of the data in Table VII with those given in Tables V and VI 
shows that a vast improvement in impact resistance is brought about by the 
utilization of block copolymer formations. Provided the percentage of the 
non-crystalline component is not increased beyond 30 per cent, the stress-strain 
properties are of a technical order. Increasing the non-crystalline copolymer 
above this ratio results in very considerable softening and though the impact 
strength is still good, the vield point as ascertained from the stress-strain curve 
is somewhat too low for technical usage. 


sor 
— 


BLOCK COPOLYMERS \ 
eee 


RANDOM COPOLYMERS : 


PENETROMETER mp 


25 
ETHYLENE SEBACATE MOLES 


Fig, 3.—Melting points of ethylene adipate/ethylene sebacate polymers 


DISCUSSION 


In Figure 3 the penetrometer melting point-composition curves for ethylene 
adipate “ethylene sebacate random copolymers, block copolymers, and melt 
blends, are shown. It is apparent that block copolymers show melting point 
behavior similar to that of melt blends and unlike that of random copolymers. 
The lower melting points of the block copolymers as compared with melt blends 
arise from the effect of the diisocyanate modification. The normal effect of 
diisocyanate modification of a crystalline polymer is to cause a slight reduction 
of melting point. This is well illustrated by the effect of diisocyanate modifica- 
tion on polyethylene sebacate which lowers the melting point by 6.5° C or on 
polyethylene adipate where melting point is lowered by 4° C. 

The relationship between the composition of melt blends and their heat de- 
formation point, as measured by the penetrometer, can be readily explained. 
If mixed crystal formation does not occur, one would expect that in all composi- 
tions crystallites of both components would be formed and that they would 
have the melting points of the pure components. This is demonstrated by the 
results of the hot-stage microscope determinations of melting points and further 
confirmed by the spectroscopic data. The heat deformation point, however, 
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gives the melting point of the crystallites that confer form stability to the 
sample. Mixtures with a high adipate content will collapse at the crystallite 
melting point of polyethylene adipate since the remaining polyethylene seba- 
cate crystallites will be too few to confer form stability. On the other hand, 
the sebacate rich melt blends will still possess form stability after the polyethyl- 
ene adipate crystallites have melted and will not collapse until the polyethylene 
sebacate crystallite melting point is reached. 

The meiting point-composition curve for random copolymers is of the same 
form as that found for ethylene terephthalate/ethylene adipate and ethylene 
terephthalate/ethylene sebacate copolymers. Flory’ has obtained an expres- 
sion relating the melting point of random copolymers to their composition: 


] R 
= he In X 


where 


T, = m.p. of the copolymer; 

7,’ = m.p. of pure major component; 

h, = latent heat of fusion per structural unit; 
X = molecular fraction of major component. 


The use of two such equations where T,,° in one = m.p. of polyethylene 


adipate and 7,,° in the other = m.p. of polyethylene sebacate rives an adequate 
explanation of the behavior of the random copolymers. 

The melting point behavior of the block copolymers can also be interpreted 
by use of the Flory expression for random copolymers if the blocks of units of 
the minor component are regarded as one structural unit. Such a treatment 
gives a curve of roughly the right shape. Although the block copolymers have 
roughly the same melting point composition curve as the melt blends, the 
crystal structures are not the same, whereas with melt blends crystallites of 
both components are present in all compositions, with the block copolymers in 
general only one type of crystallite occurs. This may be due to the high molec- 
war weight reducing the mobility of the polymer chains and hence retarding or 
preventing the formation of crystallites of the minor component. 

This step-shaped melting point-composition curve is probably characteristic 
of many copolymers containing crystallizable blocks. The location of the 
abrupt change in melting point with composition is probably determined by the 
properties of the crystallites of the two components. Thus, in the ethylene 
adipate/ethylene succinate/hexamethylene diisocyanate block copolymer sys- 
tem the melting point does not fall to that of polyethylene adipate until the 
concentration of ethylene succinate is less than 20 per cent by weight. 

With ethylene sebacate/propylene adipate block copolymers, a step-shaped 
curve is not obtained since the propylene adipate component is noncrystalline. 
However, as with the other block copolymers, introduction of appreciable 
amounts of propylene adipate blocks results in little or no reduction in the 
melting point of polyethylene sebacate. 

Considering now the physical properties of block copolymers, the most 
striking feature is the high impact strength, particularly where one component 
is noncrystalline. Even the block copolymers of ethylene adipate with ethylene 
sebacate show better impact strength than the corresponding random copoly- 
mers but outstanding properties are obtained with the block copolymers con- 
taining blocks of the liquid polypropylene adipate. The properties are similar 
to those of high molecular weight polyethylene sebacate plasticized with a 
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butadiene-acrylonitrile copolymer. The block copolymer can be regarded as 
an ethylene sebacate polymer having a polymeric plasticizer tied to it by chemi- 
cal linkages. 

The stress-strain characteristics of the block copolymers are similar to those 
of the random copolymers. The general shape of the stress-strain curve is little 
affected by copolymerization of any kind although it has been generally found 
that block copolymers have tensile and tear strengths superior to those of 
random copolymers. 

The great advantage of ‘‘block’’ polymerization is that it affords a means of 
modifying the properties of a crystalline polymer without reducing its melting 
point. Thus, as in the example we have given of the modification of polyethyl- 
ene sebacate with polypropylene adipate, a plasticizer can be chemically 
bound to the polymer and the ideal achieved of efficient plasticization with 
complete permanence of the plasticizer. 
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APPENDIX 
IMPACT TEST METHOD 


To carry out this test use was made of the Yarn Ballistic Tester designed by 
the British Cotton Industries Research Association and made* by Messrs. 


Goodbrand & Co., Ltd. 
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The apparatus was modified as follows. A triangular steel peg with a 
radiused leading edge, which projected 11/16 inch, was screwed into the pendu- 
lum bob to act as a hammer. Two ‘chairs’ |] inches apart were mounted on 
the base of the apparatus so as to position a sample directly in the line of flight 
of the pendulum and so that the sample was in contact with the pendulum when 
the latter was hanging vertically. The chairs were threaded to take bolts to 
allow the sample to be securely gripped. The sample size adopted for the test 
was | mm. thick, § inch wide, and 3 inches long, the actual length under test, 
i.e., between the chairs, being 1] inches. The maximum energy input of which 
the apparatus was capable was 150 inch/Ib. 

The apparatus, and the positioning of the sample, are clearly demonstrated 
in Figures 4, 5, and 6. 


SUMMARY 


By using diisocyanates to link together two different polyesters having 
terminal hydroxyl or carboxy! groups, copolymers have been obtained in which 
the two repeating units occur in blocks and not in the random arrangement ob- 
tained by normal methods of preparing copolymers. 

Melting points have been measured by a penetrometer method and the 
effects of copolymer composition on melting point determined. In a series of 
crystalline copolymers made by linking various amounts of polyethylene seba- 
cate and polyethylene adipate with hexamethylene diisocyanate, a step-shaped 
melting point-composition curve is obtained. Copolymers containing up to 
about 40 per cent of polyethylene adipate have the same melting point as that 
of polyethylene sebacate. Further increase in the polyethylene adipate con- 
tent results in a rapid drop in melting point until the melting point of poly- 
ethylene adipate is reached. Thereafter increasing amounts of polyethylene 
adipate do not alter the melting point. Random copolymers of ethylene adi- 
pate and ethylene sebacate give a V-shaped melting point-composition curve. 
The step-shaped curve of block copolymers is almost identical with the melting 
point-composition curve of melt blends of the two polymers. 

Stress-strain characteristics and impact strengths of the block copolymers 
have been measured. In the polyethylene adipate/polyethylene sebacate/ 
hexamethylene diisocyanate series no great differences are found between 
random and block copolymers. If, however, the crystalline polyethylene adi- 
pate is replaced by the nonerystalline polypropylene adipate, then block 
copolymers containing 15-30 per cent of polypropylene adipate have outstand- 
ing impact strength. Similar high impact strength is obtained by using a com- 
patible rubbery polymer as an external plasticizer with hexamethylene diiso- 
cyanate modified polyethylene sebacate. 

This method of block copolymerization has an advantage over random co- 
polymerization in that a crystalline copolymer can be modified without reduc- 
tion of its melting point, and by suitable selection of a second component it 
affords a means of “building in" a plasticizer. 
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INTRODUCTION 


Polymers from unsaturated ketones have been known for many years, but, 
in spite of the fact that several of them are easily prepared and are potentially 
inexpensive, they have not achieved any major importance. Alky! vinyl and 
alkyl isopropeny! ketones have an ethylenic bond conjugated with the carbonyl! 
group. They are thus in the more reactive class of monomers and may be co- 
polymerized with styrene, butadiene, and acrylic esters, but not with the less 
reactive vinyl esters and vinyl ethers. 

Unsaturated ketones may be used for the preparation of elastomeric homo- 
polymers, for copolymers with the acrylates, or copolymers with butadiene. 
The pure monomers readily polymerize to give polymers which, like the acry- 
lates, have properties which depend to some extent on the balance between the 
polar and non-polar parts of the molecule. The flexibility of the polymers, 
determined by the shielding of the carbonyl group by the alkyl group and by the 
ease of rotation of the molecular chains, increases as the number of carbon atoms 
in the side chains is increased. Thus the polymers from methyl, ethyl, and 
n-propyl viny! ketone are similar in general physical character to the polymers 
from vinyl acetate, methyl acrylate, and ethyl acrylate, respectively; poly- 
methylisopropenyl ketone, which possesses a methyl group on the alpha-carbon 
atom, is comparable to polymethyl methacrylate. 

Rubbery polymers are obtained from alkyl vinyl ketones containing three to 
six carbon atoms in the side chain, but the expense of the raw materials for 
these monomers and the chemical reactivity of their polymers is such that they 
are not attractive for general or even special purpose elastomers. For these 
reasons the subsequent discussion has been restricted to the two groups of co- 
polymers where the use of an unsaturated ketone would be likely to have some 
advantage—namely copolymers with acrylates, where they might be expected 
to give more ready crosslinking and an increase in strength, and those with buta- 
diene, where the expected desirable properties would be greater oil, heat, and 
ozone resistance than is possessed by natural rubber or GR-S. 

The four ketones which have been examined are methyl, ethyl, and n-propyl 
vinyl ketone and methyl isopropenyl ketone. Many others of similar structure 
could also be included but, with the exception of those containing a plurality of 
double bonds, the characteristics of the group as a whole will be shown by the 
compounds selected. 

MONOMERS 

Methyl vinyl ketone (MVK) and methyl isopropenyl ketone (MIK) were 
prepared from acetone and methyl ethyl ketone, respectively, with formalde- 
hyde using the method! of Spurlin and coworkers. 


* Reprinted from the Proceedings of the Third Rubber Technology Conference, London, 1954, pages 150- 
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The crude monomers were treated with a small amount of strong ammonia 
solution and after drying were fractionated. The yields of pure methy! vinyl 
ketone (b.p. 35° C/135 mm.; di° 0.8420; nj’ 1.4120) and methyl isopropeny! 
ketone (b.p. 59° C/200 mm.; d?° 0.852; n2° 1.4235) were 65 to 70 per cent and 
70 to 75 per cent, respectively, (based on the formaldehyde used). Ethyl vinyl! 
ketone (EVK) (b.p. 102° C/740 mm. ; d?° 0.8468 ; n2° 1.4183) and n-propyl vinyl 
ketone (PVK) (b.p. 71° C/130 mm.; d?® 0.8500; nj° 1.4222) were prepared by 
condensation of the appropriate acid chloride with ethylene in the presence of 
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aluminum chloride? followed by dehydrochlorination of the intermediate 2-chlo- 
roethy! alky! ketone by codistillation with water. The yields were 60 per cent 
and 50 per cent, respectively, (based on the acyl chloride). 

It was not found possible to remove small traces of formaldehyde from the 
methyl! vinyl ketone (as shown by the Schiff’s test) and so for kinetic measure- 
ments this monomer was prepared from acetyl chloride. 

The ultraviolet spectra’ of the four monomers used are shown in Figure 1. 
Few published spectra exist for these monomers‘, but the spectra show the 
absence of serious impurity. 
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KETONE-ACRYLATE COPOLYMERS 


Polymerization details.—-The copolymers were usually made at 50° C, using 
systems suitable for the acrylates themselves. The most suitable emulsifier was 
sodium lauryl! sulfate or sulfated methyl oleate (4 per cent on monomers). 

Conversion to polymer was usually taken to 95 to 100 per cent and a reaction 
time of 15 hours was usually adequate for this purpose. The presence of the 
ketone reduced the overall rate of polymerization sharply in all cases (Figure 2). 

For high concentration latexes sodium laury! sulfate was used exclusively as 
emulsifier and the monomers may be polymerized, adding as a single addition or 
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Fig. 2. Undue importance should not be attached to the precise shape of the curves, since they represent 
polymer yields after a fixed time interval and are not necessarily the rates of polymerization. 
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Curing* 
system 
(i) 
(i) 
(ii)t 
(ii) 
(iii) 


Copolymer 


80BA/20MVK 


7OBA/30MVK (i) 
(i) 
(ii) 
60OBA/40MVK (i) 
(1) 
TOBA/30EV K (i) 
9OBA/1OMIK 

7OBA/30PVK 


6OBA/40PV IK 
7OEA/30PVK 
TOPA/30EVK 


TOEEA/30EVK (i) 


n-Buty! acrylate 


* The curing systems used for these 
(i) 
Polymer 
2-Mercaptobenzothiazole 
ZnO 
Sulfur 
Tetramethylthiruam disulfide 


t Curing time 1 hour 


incrementally® to give free flowing latexes of 60 per cent concentration and large 
The latexes had a wide distribution of particle sizes ranging 


particle size. 
from 0.3 to 6y. 
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polymers were as follows 
(ii) 

Polymer 

Litharge 

2.0 

10 


Time of cure 2 hours at 148° ¢ 


2-Benzothiazy! disulfide 


Modulus 
100% 
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90 
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650 
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260 
350 


430 
700 


70 
370 
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Ethyl acrylate 
A 2-Ethoxyethy! acrylate 


Elongation 
break, 


430 
630 
370 
290 
530 
170 
340 
140 


140 
340 


480 
320 


210 
270 


380 
320 


430 
330 


340 
310 


160 
240 


Shore 
hardness 
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55 
72 
72 
58 
74 
75 


92 
83 


sO) 
67 


72 
80 


62 


(iu) 


Polymer 
Calcium 
hydroxide 


VULCANIZATION AND PHYSICAL PROPERTIES 


100 


Copolymers were prepared using n-propyl, 2-ethoxyethyl, and n-butyl aery- 
late but the last was preferred in order to obtain products with fairly high 
resilience and resistance to freezing. 

The copolymers were soft, transparent rubbers, similar to the normal poly- 
acrylates. Those containing MVK or MIK were readily processable, carbon 
black and other compounding ingredients being easily incorporated. Those 
using EVK or PVK as comonomer were, like the pure polyacrylates, extremely 
difficult to process unless a small proportion of a crosslinking agent was added®, 
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Allyl acrylate (0.25 to 0.5 per cent) was found to be very suitable for this pur- 
pose and was used where soft, sticky polymers would otherwise be produced. 
The incorporation of any of the more polar monomers invariably improved the 
ease of mill handling the polymers; MIK gave probably the greatest effect in 
this way but acrylonitrile and methacrylonitrile resulted in a similar improve- 
ment. 

The use of a ketone comonomer enables the polymers to be vulcanized by 
the use of sulfur and zine oxide’ in addition to the usual vuleanizing agents for 
acrylate rubbers (e.g., lead oxide, calcium hydroxide), and also to be reinforced 
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by the addition of carbon black or finely divided silica (added either on the mill 
or to the polymer latex). 

The physical properties of the copolymers thus obtained are markedly super- 
ior to those of pure polybutyl acrylate, and they possess resilience and freeze 
resistance superior to those copolymers consisting principally of polyethylaecry- 
late. Typical properties of the polymers obtained are given in Table I. 

The carbon black used was Philblack O. The finely divided silica was in- 
corporated as a suspension (Ludox) into the latex; solid silica could be incor- 
porated on the mill, but this was a more troublesome operation. 

It can be seen from the data that the copolymers with MVK are better than 
any of the others. The influence of the reinforcing agent also is marked, this 
being greater in the case of the sulfur-cured polymers (see Figures 3 and 6). 
Optimum amounts of reinforcing agent are 30 per cent in the case of carbon 
black, and 10 to 20 per cent for silica (Figure 3); this is shown particularly in 
the case of the black-loaded polymers where, if allowance is made for the pro- 
portion of compounding agent present, the tensile strength of the polymer rises 
to a constant value for amounts of added black above 25 per cent. 

The tensile strengths of silica-reinforced copolymers are lower than those of 
the black-loaded stocks. They are much softer, possess much higher elonga- 
tions at break, and are usually somewhat more resilient (see Table I1). 

Lead oxide when used for crosslinking the ketone-acrylate copolymers must 
be used in smaller amounts (5 to 10 per cent) than are usual for the pure poly- 
acrylates or shorter curing times (30 to 60 minutes at 150° C) must be given. 
Prolonged heating of lead oxide compounds appears to cause some breakdown 
of polymer structure, as judged by tensile strength and swelling measurements 
(Figures 6 and 7). Sulfur is most effective in amounts of | to 2 per cent (Pig- 


II 


Yo Resilience (trypsometer) 


Curing Reinforcing 
Copolymer system agent 20°C 50° C 
80BA /20MVK (i) 10% SiO, 31.2 50.4 
(ii) 10% SiO. 37.4 55.0 


(i) 30% Black 8.9 44.8 
(ii) 30% Black 36.9 50.8 


7OBA/30MVK (i) 10% SiO» 26.4 
(ii) 10% SiO» 14.3 30.8 


30% Black 12.6 46.8 
30% Black 21.0 42.3 


(i) 
(ii) 


10% SiO, 73.2 83.6 
30% Black 65.8 66.6 
70.9 


100BA (ii) 


80BA/20MA (ii) — 58.6 75.5 
5OBA/50MA 
100PA 

100 iso-Buty! acrylate 


(ii) _ 22.2 
(ii) 58.6 75.5 
(ii) 12.1 54.6 


100 sec-Buty! acrylate (ii) 6.2 46,2 
1OOKA (ii) 7.6 40.2 
100 iso-Propy] acrylate (ii) 4.5 40.9 


MA = methy! acrylate. 
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ures 8, 9, and 10), and its influence is markedly increased by the use of 10 per 
cent zine oxide. (Zine oxide alone causes slight curing.) 

The fall-off in properties when larger amounts of sulfur are used is surprising 
considering the lightly cured products which are obtained in all cases. 

For comparison a number of pure polyacrylates vulcanized by lead oxide, 
but not reinforced, have been included. The data show the resilience of the 
compounded ketone copolymers to be better when lead oxide is used as curing 
agent and to fall with increase in ketone content. 
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20 o 6 20 6 % 

% MV K IN COPOLYMER % MVK IN COPOLYMER 

Fic. 4.—Curing system— 20 per cent PbO; Fig. 5.-—-Curing system-—-2 per cent 8; 10 per 
1.0 per cent 2-Benzothiazy! disulfide cent ZnO; 1.0 per cent tetramethylthiuram disulfide ; 

0.5 per cent 2-mercaptobenzothiazole 


MECHANISM OF VULCANIZATION OF KETONE-ACRYLATE 
COPOLY MERS 


The problem here is to demonstrate the fact that the ketone groupings in- 
fluence the vulcanization reaction and to determine the manner in which they 
act. That they influence the vulcanization is shown clearly in Figures 4 to 10, 
which illustrate the influence of MVK content on the swelling volume and 
tensile strength of the product (cured under otherwise identical conditions and 
using both sulfur and lead oxide as curing systems), the effect of curing time 
on the polymers, and the influence of the amount of curing agent on the copoly- 
mers. Tensile strength, swelling volume, and resilience have been used vari- 
ously to illustrate the influence of curing agent on the copolymer. In order to 
assess the fundamental effect, the curve shown in Figure 11 has been calculated 
to show the relationship between network structure and swelling®. (For the 
calculation of this curve a value of y = 0.44 was obtained from osmotic pressure 
measurements on the uncrosslinked copolymer in benzene.) 

It is clear that the presence of tie ketone group increases the rate of vul- 
canization with lead oxide and causes the crosslinking with sulfur-zine oxide; a 
reaction which will not take place in the absence of this group. The data do 
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CHING THR CURING TIME (HRS.) 
Fie. 6.—a. n-Butyl acrylate/MVK 70/30 Fic. 7.—a. n-Butyl acrylate/MVK 80/20 

~20% PbO. b. n-Butyl  acrylate/MVK b. n-Butyl acrylate/MVK 80/20 

80/20 ~20% PbO. ec. n-Butyl acrylate/MVK 20% PbO. c. n-Butyl acrylate/M VK 70/30 
80/20 —2% 8. 20% PbO. 
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Fic. n-Butyl acrylate/MVK 70/30 Fic. 9.—a. n-Butyl aerylate/MVK 80/20 
PbO. b. n-Butyl acrylate/MVK 80/20 b. n-Butyl aerylate/MVK 70/30 —PbO 
PbO. Butyl acrylate/M VK 80/20 —8. 
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not indicate the way in which the ketone group causes the crosslinking, nor 
whether the mechanism of reaction is the same in the two cases. 

Experiments showing the loss in weight of the compounded copolymers at 
140° to 145° C (Figure 12), and the relationship between weight losses and 
swelling volumes (Figure 13), suggests that both the lead oxide and the sulfur- 
zinc oxide systems crosslink by similar mechanisms. The condensation occurs 
more rapidly in the presence of lead oxide, and for a given weight loss, the poly- 
mer is more heavily crosslinked. 

It would appear from these results that the influence of sulfur in causing 
crosslinking by a free radical mechanism is only of secondary importance. The 
negligible effect of rubber accelerators on the sulfur cure (Figure 10) supports 
this. Some attack on the polymer molecule by sulfur does occur, but little is 


RESILIENCE 


MONOMER UNITS/CROSS LINK 


300 900 1200 
% VOLUME SWELLING 

Via. 10.—a. 2-Mereaptobenzothiazole, 0-5%. 11 


b. ZnO, 0-15%. c. 8,0-5%. n-Butyl 
acrylate/MVK 80/20. 


known of the nature of the reactions. One possibility is that a primary con- 
densation could result in the formation of an ethylenic bond (for example, 
reaction (ii) below) which would subsequently be attacked by the sulfur. 
Alternatively, hydrogen atoms adjacent to the polar carbonyl group may be 
activated for attack by sulfur, with subsequent elimination of a simple molecule 
(e.g., butyl mercaptan) and the formation of a crosslink. If this be the case, 
the fact that MI K-acrylate copolymers also vulcanize with sulfur shows that 
they need not be secondary skeletal hydrogen atoms. It has been stated’ that 
other polar groupings (e.g., nitrile) also facilitate this type of crosslinking. 
However, our experiments with acrylate-nitrile copolymers showed negligible 
crosslinking to result with sulfur and, more significantly, that there was no 
difference between the behavior of copolymers containing acrylonitrile and those 
containing methacrylonitrile. 
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A. s i 
50 100 150 200 
TIME (HRS) 


Fie, 12.—a. 20% PbO; 1.0% 2-Benzothiazy! disulfide. b. 2% 8; 10% ZnO; 1.0% tetramethyl. 
thiuram disulfide; 0.5% 2-Mercaptobenzothiazole, ¢«. 10% ZnO. d. 5% Ca(OH)s. n-Butyl aerylate/ 
MVK 80/20. 


VOLUME SWELLING 
3 


8 


10 


WEIGHT LOSS 


Fia. 13.—a. n-Butyl acrylate 100% —20% PbO. b. n-Butyl aerylate/MIK 90/10 —2% &, 
n-Buty! acrylate/MVK 80/20-2% 8. d. n-Butyl acrylate/MVK 80/20 —20% PbO. 
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Two ways in which the ketone group could take part in a crosslinking re- 
action are by elimination of an alcohol molecule (i) or by loss of water (ii). 


COCH,; + ROOC—) — (—COCH, CO 


(—-COCH, + CH;CO (—_COCH = C 


CH, 


or 


COCH, 
CH, (ii) 


A similar reaction to (i) has been suggested by Semegen and Wakelin’ for the 
crosslinking of polyacrylates by strong bases, although the conditions of their 
model experiments were so severe as to preclude any comparisons with this 
work. The second type of condensation has been described by Marvel” in the 
high temperature decomposition of polymethyl vinyl ketone and polymethy! 
isopropeny! ketone. 

Further information on the nature of the reactions was obtained by heating 
compounded samples of 100 per cent poly-n-buty! acrylate and 70BA/30 MVK 
copolymer at 150° C and collecting the volatile substances liberated. The re- 
sults are given in Table IIL. 


Ill 


Swelling 
Curing Heating Per cent Per cent volume % 
Polymer* agent time butanol water (benzene) 


LOOBA PbO 10 hres. 1.27 0.08 1050 
ZnO, 8 20 hrs. 0.35 0.01 Dissolved 


TOBA/30MVK PbO 10 hrs 7.44 0.66 150 
ZnO, 5 20 hrs. 2.20 1.85 5OO0 
Control experiment with removal of volatiles 560 


* The polymers were dried at 60° C and 107% mm Hyg and sealed in vacuo 


The major components eliminated from both polymers are similar in chemi- 
cal composition (with sulfur-zine oxide vulcanization some unidentified sulfur 
compounds were also formed), which suggests that similar mechanisms operate 
in both cases. The amount of butanol liberated in the vulcanization (assum- 
ing hydrolysis to be the only reaction) caleulated to give the observed swelling 
volumes would be 0.25 per cent in the case of the pure polyacrylate and 5.9 per 
cent and 1.1 per cent for the acrylate-ketone copolymer with lead oxide and 
sulfur-zine oxide respectively. The experimentally determined amounts are in 
excess of these values (not taking into account any other crosslinking mechan- 
ism) and suggest that intramolecular elimination of butanol must also occur. 
A model experiment on the reaction of lead oxide with n-butyl isobutyrate 
showed the hydrolysis to butanol and lead isobutyrate to be the only reaction. 
It may be inferred that with lead oxide vulcanization of both acrylate and 
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acrylate-ketone copolymers the crosslinked structure is a lead polysalt. Treat- 
ment of such a polymer with dilute nitric acid in acetone to give the expected 
linear polymer results, in fact, in a compound which retains its structure and 
which does not dissolve in any solvent or solvent mixture. 

Acetoacetic ester condensations normally require the use of powerful re- 
agents such as sodium or sodium ethoxide, and no evidence has been found to 
suggest that they play any part in the crosslinking reaction with any of the 
conventional vulcanization ingredients. The ready crosslinking of ketone- 
acrylate copolymers would be explained if a small amount of water, eliminated 
by a reaction such as (ii), is able, by the agency of the metallic oxide present, to 
hydrolyze some of the ester linkages and thus form a crosslinked network. — [t is 
noteworthy that a greater proportion of water was eliminated during the vul- 
canization of the copolymers than from the corresponding polyacrylates, and 
that if the volatile products were not removed from the system a more heavily 
crosslinked polymer resulted. Furthermore, the ketone-acrylate copolymers 


Tasie IV 
Curing Swelling % Shore hardness Swelling % Shore hardness 
Polymer system (before aging) (after 3 days at 140-145° C) 


95BA/5SMVK (i) 1590 5O 344 66 


SOBA/20MVK (i 72 (T.S. 1190 92 (T.8. 1320 
Ib./sq. in.) Ib. /sq. in.) 
(E.B. 290%) (E.B. 30%) 
7OBA/30MVK 69 376 82 
75 (T.S. 1070 92 (T.S, 2540 
lb. /sq. in.) lb. /sq. in.) 
(E.B, 340%) (E.B. 50%) 
VOBA/IOMIK ( 80 (TS, 1250 91 (T.8. 2070 
Ib. /sq. in.) Ib./sq. in.) 
(E.B. 230%) (E.B. 40%) 
681 70 206 85 


6OBA/40MA (ii) $22 73 324 79 


crosslink slightly on prolonged heating in the absence of any vulcanizing agent 
The polyalky! vinyl ketones themselves lose weight (5 to 10 per cent) and be- 
come embrittled on heating at 150° C. This reaction, however, occurs mainly 
at the surface, is not accelerated by lead oxide or sulfur-zine oxide, and does not 
give a crosslinked polymer. 

It may be concluded that in all cases hydrolysis is the major reaction. The 
influence of the sulfur, which may be used alone or in conjunction with zine 
oxide, has not been satisfactorily explained. It seems probable that any effect 
it may have in causing free radical crosslinking, as discussed above, is secondary 
to the hydrolysis reaction. 


RESISTANCE TO HEAT AND TO CHEMICALS 


The heat resistance of ketone-acrylate copolymers is much lower than that 
of the pure polyacrylates (Table IV); this would be anticipated from their 
greater ease of crosslinking. 

There is a much greater increase in hardness in the copolymers containing 
ketone groupings, the polymers becoming brittle and weak on prolonged heat- 
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Taste V 


Swelling, volume % 

Solvent 80BA/20MVK 7OBA/MVK 100BA 
Petroleum spirit 42 28 126 
Pyridine 416 270 1230 
Dioxan 310 210 1630 
Chloroform 465 404 1840 
Ethy! acetate 260 180 635 


Reagent 80BA/20MVK Reagent 80BA/20MVK 
Swelling volume, % Swelling volume, % 


Hydrochlorie acid (Conc.) 120 Sodium hydroxide (10%) 170 
Hydrochlorie acid (10%) No effect Ammonia (10%) 100 
Sulfuric acid (10%) No effect Sodium carbonate (10%) No effect 
560 Sodium hypochlorite (15%) Slight surface 
(surface attack) attack 
320 


Nitric acid (10%) 
Acetic acid (50%) 


Oxonized air No effect at 20° C on stretched (12%) polymer after 50 hrs. at 
0.75 p.p.m. followed by 3 hrs. at 7.5 p.p.m. 


ing; pure acrylate copolymers on the other hand remain relatively unaffected 
when heated for long periods at 150° C. 

It was found that for good heat aging resistance the ketone monomers should 
be used only to enable crosslinking to occur, i.e., in amounts of 2 to 5 per cent. 
The products are, of course, soft, and initially are comparable in strength to 
lightly vulcanized poly-n-butyl! acrylate. 


LENGTH CHANGE—ARBITRARY UNITS 


$0 


i A 
-0 -30 -30 —20 --10 
TEMP. “Cc 


Fie, 14.2. Methyl/butyl/allyl acrylate 20/80/0.25. b. Methyl/butyl/allyl acrylate 50/50/0.25. 
Butyl aecrylate/MIK 90/10. d. Butyl aecrylate/PVK 70/30. e. Butyl acrylate/EVK 70/30. 
Buty! acrylate/MVK 70/30. 
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The resistance of acrylate-ketone copolymers to organic solvents and to 
attack by chemicals is comparable to that of the acrylates themselves, though 
the ketone copolymers swell to a much smaller extent in organic solvents than 
do 100 per cent butyl acrylate polymers. In Table V is given the effect of 
various reagents on a 80/20 butyl acrylate/MVK copolymer (30 per cent 
Philblack O, 2 per cent sulfur, 10 per cent zine oxide) and the influence of a 
number of solvents on acrylate and acrylate-ketone copolymers. 


POLYMERISATION HR 


< 
7 
Vv 

a 


05 075 
MOLE FRACTION OF BUTADIENE 


Fia, 15.0. MIK, b, PVK. e, EVK. d. MVK, 


The low-temperature properties of these materials are moderate. Sulfur- 
vuleanized, black-loaded copolymers containing 30 per cent of vinyl ketone 
comonomers or 10 per cent of MIK have brittle points in the region of —30° C. 
MVK copolymers are inferior in this respect, the 70/30 copolymer having a 
value of —~15°C. The change of volume with temperature of these copolymers 
showed almost imperceptible inflection points, and it was not possible to deter- 
mine their second order transition temperatures (which appeared to be of the 
order of —20° to —25° C) with any degree of accuracy. All the copolymers are 
inferior to lead oxide-cured polyacrylates containing 80 per cent or more of 
n-butyl acrylate; these have second order transition points in the region of 
—40° to —45° C (Figure 14). 


30 
20 
= 
0 025 1 00 
le 
The 


RUBBER CHEMISTRY AND TECHNOLOGY 


KETONE-BUTADIENE COPOLYMERS 


Polymerization Details.— Unsaturated ketones copolymerize readily in emul- 
sion with butadiene. Copolymers" of butadiene and MIK have been de- 
scribed by Gould et al., and have been shown to be of value as synthetic rub- 
bers, but there have been no detailed studies on the other three ketones. 
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TIME (DAYS) 
Fie. 16.—a. Without antioxidants. b. With antioxidant. 1 per cent phenyl-2-naphthylamine. 


Temp. 47°C. The sol fraction remained undegraded in the presence of antioxidants (as shown by solution 
viscosities); in the absence of antioxidant heavy degradation occurred. 


The copolymers may be prepared at temperatures varying from —20° to 
+50° C. In the 50° C systems potassium persulfate was employed as 
catalyst, sodium dresinate or oleate as emulsifier, and tert-dodecy| mercaptan as 
modifier. Redox systems suitable for these monomers were similar to those 
developed for GR-S: cumene hydroperoxide as catalyst, ferrous pyrophosphate 
and sodium sulfide as activator, potassium laurate as emulsifier, and C12 to 
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C16 tertiary mercaptans as modifier. In the sub-zero recipes methanol was 
used as antifreeze. The conversions were normally taken to 80-90 per cent. 

In the case of butadiene/methy! vinyl ketone copolymers satisfactory con- 
versions were obtained only when sodium laury! sulfate was used as emulsifier. 
The polymerizations, in general, proceed more rapidly than the corresponding 
styrene copolymers and an outstanding feature is the marked dependence of the 
rate of emulsion polymerization on the monomer composition. This is found 
with all the systems examined, but is particularly marked in a 7° C ferrous 
pyrophosphate-thiosulfate-dextrose system, the results for which are shown in 
Figure 15; it can be seen that there are sharp maxima at about 50 mole per cent 
comonomer compositions. 

With most systems the polymer when initially prepared was soft and com- 
pletely soluble in benzene. On standing, and more particularly on heating 
(see Figure 16), large amounts of gel were formed and tough gristly polymers 
resulted. The gel, even in large amounts, did not affect the ease of processing 
the copolymers and the physical properties of the compounded vulcanizates 
were not adversely affected. 

The results quoted in Table VI are typical of the copolymers prepared. 


Tasie VI 


Conversion, Gel, 
Copolymer Temp % % (») M. m 

70B/30MIK 50° C 43.6 nil 0.80 52,000 0.41 
50° C 95 trace 1.12 270,000 0.44 
-10° C 87 nil 1.88 280,000 0.38 

70B/30MVK 5° C 65 10 1.30 

70B/30EVK 50° C S4 52* 1.15 
7’ C 88 nil 2.38 400,000 0.39 

70B/30PVK 50° C 87 67* 1.20 
7 GS 92 nil 2.00 220,000 0.44 


B = Butadiene. 


* Initially completely soluble; gel formed on drying. In high conversion copolymers there may be 
formed appreciable amounts of microgel, e.g., in the 95 per cent conversion 70B/30MI1K copolymer 


The fact that butadiene-ketone copolymers are ungelled even at high con- 
versions is probably related to the polymer micro-structure. Evidence to sup- 
port this theory has been found from their infrared spectra. The ratio of 
trans-1,4/1,2 combined butadiene is 5.2 in the 70/30 copolymer, compared with 
a ratio of 4,3 in the corresponding styrene copolymer”. The ratio of trane- 
1,4/1,2 butadiene is consistently higher for the MIK copolymers for all com- 
positions, and it follows that if the cis-1,4 butadiene content is substantially the 
same in both styrene and MIK copolymers the amount of 1,2 combination in 
the latter is appreciably lower. This would be expected to lead to a reduced 
tendency to form gelled products. 

The influence of methyl vinyl ketone on the micro-structure of copolymers 
with butadiene has also been determined”; here the effect seems to be compar- 
able to that of styrene. 

Analysis of low conversion butadiene/MIK copolymers shows them not to 
be very uniform with respect to composition at lower MIK contents (Figure 17). 

This deviation is surprising since the corresponding curve for styrene”, a less 
reactive monomer, shows greater uniformity. The latter curve is similar to 
that of styrene-MVK™ (also shown in Figure 17), both sets of data being ob- 
tained from solution copolymers. It is possible in the case of butadiene/MIK 
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copolymers prepared in emulsion that the appreciable water solubility of the 
MIK has influenced the structure of the growing polymer molecules. How- 
ever, preliminary examination of butadiene-MVK (a water miscible monomer) 
copolymers shows them to be more uniform in composition than those from 


MIK. 


IN POLYMER 


025 os 075 100 
MOLE FRACTION OF MIK IN MONOMERS 
Fis. 17.--a. MIK-—butadiene. b. MIK-—-styrene. MVK-—styrene (calculated from data in 


Reference 14). The copolymer compositions were determined by infrared spectroscopy assuming con- 
stancy of the carbonyl absorptivity (see Davison, these Proceedings, p. 281). Analysis of copolymer A 


LMIK (spectroscopic) 56 + 1%) gave C = 798 +0.2%, UH = 10.3 + 0.1% corresponding to MI = 53 
+ 1%. Inthe case of the styrene-—MIK copolymers satisfactory agreement was found between determina- 
tion of carbonyl and pendant pheny! groups. 


Vuleanization and physical properties—The butadiene-ketone copolymers 
can be compounded and vulcanized using formulations suitable for GR-S. 
Physical properties typical of the group are given in Table VII. 

The general level of the physical properties of the copolymers from MVK, 
EVK and PVK is relatively low. It was observed, however, that these co- 
polymers have wide molecular weight distributions, particularly those from 
MVK, where it was difficult to obtain steady polymerization rates. With MVK 
the polymerization occurred rapidly in the early stages of the reaction, with the 
formation of low molecular weight polymer, and attempts to reduce the speed 


COPOLYMERS FROM UNSATURATED KETONES 


Tasie VII 


Polymer- Tensile Ultimate 100% Shore mn 
ization strength, elongation Modulus, (trypsom- 
Copolymer* temp., °C Ib./sq. in. % Ib. /sq. in. eter) 
70B/30MIK 270 49 
70B/30MIK 570 
60B/40MIK 615 
70B/30MVK 590 
70B/30EVK 350 
70B/30EVK I 1080 
30B/70EVK 150 
70B/30PVK ( 560 
70B/30PVK 630 
40B/60PVK 390 


* The following compound was used. 


Polymer 

Sulfur 

Zine oxide 8 >Cure 80 mins, at 142° C 
Stearic acid 0 

Phenyl-2-naphthylamine 

Philblack O 


of the earlier stages of the reaction gave poor conversions. It was shown that 
low molecular weight copolymer, even when homogeneous with respect to com- 
position, has a deleterious effect on the physical properties of the copolymers. 
This is clear from the data given in Table VIII. 

It is probable, with careful control of molecular weight and molecular weight 


distribution, that the unsaturated ketones will give copolymers with satis- 
factory physical properties. The present investigation suffices to show that 
they form copolymers over wide ranges of monomer composition, which can be 
compounded and molded in the conventional manner. 


Taste VIII 


Tensile Ultimate Modulus 
; strength, elongation, 100%, 
Copolymer MVK tb./sq. in. G Ib./sq. in 
70B/30MVK ) Total 
62% conversion polymer 29 2120 250 590 
No gel present f 


Fraction I 
(Sol. EtOH /Me,CO: :2/1) 8% 28 


Fraction II (Sol. Me,CO) 28% : 32 


Fraction IT] 
(Insol. cold Me,CO) 64% ‘ 28 1990 450 170 


SUMMARY 


The preparation and properties of copolymers from unsaturated ketones 
with acrylate esters and with butadiene are described. 

Details of the polymerization reactions and the structure of the copolymers 
are given. The preparation and properties of compounded vulcanized poly- 
mers are described and, in the case of the ketone-acrylate copolymers, the 
mechanism of sulfur vulcanization is discussed. 
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STRUCTURE AND SOLUTION PROPERTIES OF HIGH 
MOLECULAR WEIGHT BUTADIENE-STYRENE 
COPOLYMERS * 


R. B. L. A. 


Potymer Comporation Limrrep, SARNIA, ONTARIO 


INTRODUCTION 


One of the prominent advances in synthetic rubber technology in recent 
years has been the production of latexes of high molecular weight butadiene- 
styrene copolymers which, when co-coagulated with suitable petroleum oils, 
have yielded the now familiar oil-extended polymers. It was recognized 
early' in the development of these polymers, that the oil portion was merely a 
diluent, replacing the unvulcanizable low molecular weight polymer*®. It was 
assumed that the polymer portion should be as high in molecular weight as 
possible but should contain a minimum of crosslinking and of insoluble gel. 

It is common practice to use dilute solution viscosity techniques in studies 
of the basic properties of both natural and synthetic latexes and in this investi- 
gation extensive use was made of the ‘“‘vistex'’ measurement. In this test, 
samples of the synthetic latex are dissolved in a suitable mixed solvent, so 
chosen as to dissolve both the rubber portion and the water, soap, and other 
ingredients in the latex. In this investigation, the solvent chosen for the buta- 
diene-styrene system was a mixture of toluene and isopropanol in a volume 
ratio of 80/20. The samples were dissolved in this mixed solvent and diluted 
by the same mixed solvent to obtain an “intrinsic vistex’’ in toluene-isopropanol 
which is quite comparable to the more commonly used intrinsic viscosity and 
can be interpreted in the same way. The measurements were made at 30.2° C 
in an Ubbelohde viscometer having negligible kinetic energy correction and 
suitably modified for dilution to be effected in the viscometer. The details of 
the viscometer design and calibration will be available in a forthcoming publi- 
cation. 

During the early stages of the investigation the data were found to be erratic 
and this behavior was ascribed to difficulties in adapting the vistex measure- 
ments to a new type of latex. Refinements in the experimental technique did 
not reduce the test error below a standard deviation of 0.07 vistex units (dl./g.) 
for routine operation or 0.05 vistex units for replicate measurements on a single 
solution by a single operator. Such an error was unreasonably high compared 
with the normal vistex test error of 0.02 dl./g. for standard latexes. It was 
also observed that the vistex data which were accumulating did not correlate 
with the raw polymer Mooney viscosity, conversion, or the amount of diluent 
required to reduce the raw polymer Mooney viscosity to a given value. These 
factors all indicated that the vistex test required careful investigation. 


* Reprinted from the Proceedings of the Third Rubber Technology Conference, London, 1954, pages 214 
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VARIATION or THE INTRINSIC VisTeEx witH TimE 
PeRMITTeD FoR SOLUTION 


Solution Batch no. 
(hre.) 120 125 140 140 145 150 155 160 165 Mean 
}- 2.86 2.75 288 2.96 2.86 2.94 2.79 3.03 2.96 2.89 
4 2.90 280 2.92 2.94 285 2.96 2.89 3.04 2.98 2.92 
24-25 2.93 286 2.95 3.07 2.90 2.99 (2.90)* 3.08 3.04 2.98 
Mean 2.89 2.80 2.91 2.99 2.87 2.96 2.84 3.05 2.99 2.93 
* Computed value which does not affect the conclusion in any respect. 
ANALYSIS OF VARIANCE 
Source of variation Degrees of freedom Sum of squares Mean squares 
Between batches 0.1467 0.0183t 
Between solution times 2 0.0272 0.0136t 
Error 16 0.0085 0.000531 


Total 26 0.1824 


Sere = 0.000531 = 0.023. 
t Significant at the | per cent level. 


EXPERIMENTAL RESULTS AND DISCUSSION 


It had been the practice to make up all samples in duplicate, running only 
one vistex measurement and saving the second solution for use only when the 
first measurement was obviously in error. In time two sets of data were as- 
sembled : in one the vistex measurement was performed immediately after make 
up of the solution as is the practice with standard latexes, and in the other the 
solutions had stood at least overnight before measurement. The latter class 
of data was found to be much more uniform and reproducible, and a time- 
dependent phenomenon was suspected. 
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Fia. 1.—Increase in intrinsic vistex with solution time. 
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Stock solutions of latex samples from plant production of a high molecular 
weight butadiene-styrene copolymer were made up in 80/20 toluene/isopro- 
panol and each solution was measured at intervals over the course of a twenty- 
four hour period. The data are reported in Table I and the mean values for 
each time are plotted against time of measurement in Figure 1. 

It is evident from the data that the intrinsic vistex value increases with time 
of solution, and statistical recognition of this effect and the elimination of the 
effect of differences between samples left a test error of 0.02; dl./g. It therefore 
was evident that the dependence of the apparent vistex value on time of solu- 
tion was contributing a large part of the observed variation. 

Latex samples were then removed from a plant reactor at different conver- 
sion and dissolved in the vistex solvent (80/20 toluene/isopropanol). The 
solution time dependence of the vistex measurements of these solutions is 
illustrated in Figure 2. 
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Fig. 2.—Effect of molecular weight on time dependence of intrinsic vistex. 


At 48 per cent conversion there was no time-dependence, the samples ap- 
parently dissolving immediately. At 62 per cent conversion there was a small 
rise in intrinsic vistex of 0.09 dl./g. over the course of 5 hours and at 73 per cent 
conversion there was a rise of 0.14 dl./g. over the course of 32 hours. 

Samples of latex were obtained from reactions which had proceeded to 70 
per cent conversion in the presence of different amounts of modifier. The 
modifier levels were chosen to give a standard latex, one which was highly over- 
modified, and one which was definitely undermodified. The results are 
illustrated in Figure 3. The undermodified latex showed a vistex rise of 0.24 
dl./g. which was not complete even after a solution time of 500 hours. The 
normal latex showed a vistex rise of 0.26 dl./g. and an equilibrium value was 
attained after a solution time of 150 hours. The overmodified sample showed 
no detectable rise in vistex. 

The effect of stirring on the solution time was then studied, Using the mild 
agitation of a magnetic stirrer, there was no reduction in solution time. More 
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vigorous agitation created sufficient heat to evaporate some solvent and change 
the concentrations of the solutions. The results were inconclusive since poly- 
mer degradation was suspected. The effect of heating the solutions to increase 
the rate of solution was studied. Samples dissolved at 50° C and measured at 
30.2° C showed the same increase in vistex and required the same length of 
time to reach equilibrium as did the samples dissolved at room tempecature. 
Samples dissolved at 45° C and measured at 45° C showed an increase in vistex 
all of which could be ascribed to the difference in measuring temperature and 
the length of time required to reach equilibrium was not altered by the differ- 
ence in temperature. Although a thorough study of these effects was not 
carried out, it was concluded that stirring or heating the solutions did not affect 
the rate of solution within the error of the test and within the temperature range 
studied. 
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Fic. 3.-—-Effect of modifier on time dependence of intrinsic vistex. 


The time-dependence of the measurements can be ascribed to a slow disen- 
tanglement process which is required to separate the complex molecules pro- 
duced in the emulsion droplets. At conversions lower than approximately 50 
per cent in this reaction system, the degree of branching is not extensive enough 
to cause much entanglement and the solution process of the latex is almost in- 
stantaneous. At higher conversions however, the molecules in the emulsion 
droplets are extensively branched and, in fact, are at the point of incipient gel 
formation and a much longer time is required to separate the individual mole- 
cules into a true solution. During this disentanglement process, the molecules 
are also being elongated, thus causing the observed increase in the intrinsic 
vistex. For systems which are overmodified, the intrinsic vistex is low, indi- 
cating predominately low molecular weight polymer and there is insufficient 
branching to cause much entanglement. The latex therefore, dissolves im- 
mediately and there is no rise in the intrinsic vistex with time of solution. In 
normal reaction systems, however, there is evidently a marked degree of branch- 
ing and hence entanglement is extensive and there is observed a distinct rise in 
the intrinsic vistex over a prolonged period of time. The condition is pro- 
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nounced in the system which was undermodified. The resulting polymer is 
undoubtedly crosslinked but would also be expected to show a high degree of 
branching and entanglement and this latter property is thought to be responsi- 
ble for the solution behavior. Such a physical interpretation is not unreason- 
able. A similar phenomenon has been reported by Mead and Fuoss’ in studies 
of polyvinyl chloride fractions. The slow increase in intrinsic viscosity of their 
high molecular weight fractions was attributed to the disentanglement of 
“clumps”. 

It would be expected that such a mechanism would respond favorably to 
both heating and stirring. It can only be concluded therefore that the range of 
temperatures studied was not great enough to affect the rate of solution and that 
the stirring effect of a magnetic stirrer is not great enough to be observed. 
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Fic. 4.—Gel content—standard Harris cage procedure 


An attempt was made, however, to test the hypothesis. It was felt that the 
use of a “good” solvent should extend the molecules to a greater extent and the 
increase in intrinsic vistex would be greater and would require a longer time to 
reach equilibrium. Conversely, a “poor solvent would not extend the mole- 
cules as much and should attain a state of true solution faster and with a smaller 
effect on the intrinsic vistex. Latex samples were therefore dissolved in sol- 
vents with a ratio of toluene to isopropanol of 70/30 and of 90/10 and intrinsic 
vistex values were obtained by dilution with these solvent ratios. As was ex- 
pected, the increase in the intrinsic vistex was different depending on the solvent 
power but, anomalously, the time to equilibrium was no different for the 
different solutions. It must be presumed that diffusion of the uncoiling mole- 
cules is the rate-controlling step. 

Concurrent with the above investigations, production had proceeded in plant 
scale reactors and data had accumulated on the properties of the polymers so 
produced. It soon became evident that the solubility of these production poly- 
mers was not following the usual pattern. Solubility was measured on raw 
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polymer samples by suspending the finely subdivided polymer in 100 mesh 
stainless steel cages in toluene for a period of 48 hours‘. The cages were stored 
without agitation in the dark and the solubility was measured as the weight 
loss after 48 hours. Solubility measurements on production polymers were 
found to vary over wide limits and frequently samples were obtained that 
measured 25 per cent or even 50 per cent insoluble material by this test. The 
peculiar fact was that the physical properties of these polymers which contained 
such large amounts of apparent gel were not noticeably different from the prop- 
erties of normal gel-free polymer. Tensile properties and measurements of 
elasticity and plasticity were apparently unaffected by the insoluble material. 
It was also noticed that the polymers could be rendered completely soluble by 
passing them severa) times through a tight mill. It was apparent that the gel 
test was giving spurious answers. 
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Fia. 5.—Gel econtent—dynamie Harris cage procedure. 


The apparent gel content of the polymers produced using different amounts 
of modifier was measured as a function of time of contact of the polymer with 
solvent (toluene) and the results are shown in Figure 4. The undermodified 
sample, which would be expected to contain a high percentage of crosslinked 
polymer, showed a high gel content and this value did not decrease to any 
appreciable extent on prolonged contact with solvent. The other two polymers 
showed progressive solubility starting with about 75 per cent insoluble material 
after 10 hours in the solvent and decreasing rapidly in the case of the overmodi- 
fied sample to about 10 per cent gel but decreasing very slowly in the case of 
the normal sample over a prolonged period of 800 hours in contact with solvent. 
It seems logical to conclude that these latter samples were slowly dissolving 
over a very long period of time, the length of time being longer the more com- 
plex the structure of the polymer. Again it was thought that stirring might 
assist the process and the test was repeated with gentle agitation of the cages 
in solvent. The results are illustrated in Figure 5. With gentle agitation, 
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the overmodified sample went into solution almost completely in less than 5 
hours. The normal sample showed less than 6 per cent gel after 10 hours of 
gentle shaking and dissolved progressively up to about 200 hours at which time 
it was completely soluble. The undermodified sample, which one would 
expect to be highly crosslinked and insoluble did actually dissolve slowly but 
even after 200 hours still showed the presence of 75 per cent insoluble material. 
These results seemed to confirm the hypothesis that the polymerization system 
was producing a polymer which was branched and entangled to such a degree 
that a very long time was required for it to go into solution completely. 

Some confirmation of these ideas was sought in the recent theories of dilute 
solution viscosity. It is well known® that the specific viscosity, m,», of a poly- 
mer solution (defined as 7, — 1, where 7, is the viscosity of the solution divided 
by that of the solvent) is concentration-dependent. It is quite common to 
write this dependence as a power series. 


Sop = + (1) 
In actual practice this is usually written as 


Nep/C = + + age? 


At infinite dilution, a, becomes the intrinsic viscosity, defined by Kraemer‘ as 
lim 9,,/c. This quantity is related to the size or molecular weight of the poly- 
c 


mer molecules. Since the function is concentration-dependent, the second 
term must reflect those properties of the solute molecules which cause them to 
interfere with one another at higher concentrations, i.e., the size and the shape 
of the polymer molecules. Thus a2 is found to be a function of [» } and a shape 
constant k’. The third coefficient, as, is also related to the same molecular 
parameters such that a; = k’’ [n}’. 

In most cases, two terms in the power series are sufficient to define the be- 
havior of the specific viscosity, and Huggins’ has derived the expression: 


Np/C = (n] + k’ [n Pe (2) 


The ratio, »,)/c, is commonly referred to as the reduced viscosity®. The plot of 
Nep/¢ versus c is frequently used and is linear provided the concentration is suffi- 
ciently low that the quadratic term inc can be neglected. At higher concentra- 
tions, of course, curvature does appear in this plot, but this is rarely the case 
for solutions whose concentration does not exceed 0.15 g./100 ml. 

The slope of the reduced viscosity-concentration plot is usually quite steep 
and errors in the experimental points are reflected in a large extrapolation error 
at infinite dilution. To overcome this disadvantage, an empirical expression 
derived by Fuoss and Mead? is frequently used to represent the concentration 
dependence of viscosity data. This equation has the form: 


In 
= [n] — Bln Fe (3) 


where In 9,/c is known as the inherent viscosity*®. Plots of this expression have 
much lower slopes than the corresponding reduced viscosity plots but extrapo- 
late to the same intercept and hence yield the same value of the intrinsic vis- 
cosity. It will be noted in passing that Ewart’ has stated that equivalence of 
these two expressions demands that k’ + 6 = 0.5. It will also be recognized 
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that both equations are merely different ways of representing the same data 
and, indeed, it is not uncommon to plot both graphs as an aid in determining the 
intrinsic viscosity. Accordingly, intrinsic viscosity data ((80/20) toluene/ 
isopropanol) on a series of unfractionated samples of butadiene-styrene poly- 
mers taken from a plant reactor at different conversions, were plotted according 
to both equations and the results are shown in Figure 6. The experimental 
viscosity data are presented in Table Il. It will be observed that both the 
reduced viscosity and the inherent viscosity plots are linear for the first three 
samples taken at relatively low conversions. Both lines extrapolate to the 
same intercept and the observed values of the slopes are such that k’ + 6 = 0.5. 
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Fic. 6.—Visecosity data for high molecular weight GR-8. 


However, for the higher molecular weight samples, the inherent viscosity 
plots begin to show curvature which becomes more pronounced the higher the 
molecular weight. This curvature is quite distinct from that usually attributed 
to concentration effects since it occurs only in the inherent viscosity plot. If 
this curvature is recognized and the proper curved lines are drawn as in 
Figure 6, the inherent viscosity plots extrapolate to the same intercept as the 
reduced viscosity plots. 

It is evident from the data, that k’ is constant for those samples which yield 
straight line plots of the data, but, at the point at which the inherent viscosity 
plot becomes curved, the value of k’ begins to increase sharply as the intrinsic 
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Taste Il 


Con- Concen- In J i 
version, tration, lim —— lim 
% g./dl. dl./g. dl./g. om 8 B+ 


26.6 0.1170 1,764 1.96; 1.81; 1.81, 0.10, 0.40. 0.515 
0.0780 1,783 1.915 
0.0585 1.79; 1.89; 
0.0390 1.86, 


0.1165 
0.0777 2.134 2.326 
0.0582 2.14, 2.28; 
0.0388 


0.1255 
0.0837 2.37; 2.625 
0.0628 2.394 2.581 
0.0418 


0.1270 
0.0847 2.675 3.007 
0.0635 2.70; 2.94, 
0.0423 


0.1225 
0.0817 2.92, 3.380; 
0.0612 2.955 3.235 
0.0408 


0.1170 
0.0780 3.34, 3.81; 
0.0585 3.359 3.703 
0.0390 
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Fra. 7.—-Molecular weight dependencejofl &’. 
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viscosity increases. This is made more evident in Figure 7 which is a graph of 
k’ versus intrinsic viscosity. 

The interpretation of these data is obscured to some extent by the fact 
that the measurements were not made on fractionated polymer but, with some 
reservations, one can reason by analogy with the conclusions which have been 
reported on fractions. Cragg” has observed a similar trend in k’ for fractions 
of both polystyrene and GR-S and has attributed the sharp change in slope to 
the onset of branching in the polymer. It is not unreasonable to conclude that 
branching is causing the effect observed in the present investigation. From 
Figure 7 one would conclude that branching becomes serious at about 55 per 
cent conversion. ‘This is in very good agreement with the interpretation of 
Figures 2 and 4 from which it was concluded that branching becomes marked 
after 50 per cent conversion. It seems reasonable then to attribute the trends 
in k’ and solubility to the onset of branching at about 50 per cent conversion in 
this system. 

There remains the question of why the inherent viscosity plots begin to show 
curvature at the higher molecular weights. The explanation is apparent if one 
rearranges the mathematics. From definitions it is evident that 


Inn, = + 1) 


For values of »,, less than 1, this expression can be expanded to 


In Mep — + — + 
Since 


np = (nlc + + 


therefore 


= (n] + (k’ — 1/2) [ne + +k” — 1/3) (5) 
Experimentally it has been observed that k’’ is negligible for values of [9] and c 
encountered in this investigation since the plots of the Huggins equation give 
good straight lines. The quadratic term in Equation (5), therefore, disappears 
only when k’ = 1/3. If k’ is very close to 1/3 (as is the case for the first three 
samples at low conversion in Figure 6) the quadratic term will vanish for low 
concentrations, provided the intrinsic viscosity is not too large. However, as 
the intrinsic viscosity increases with higher conversion, and also as k’ increases 
due to the onset of branching, a point is reached (at about 50 per cent conver- 
sion) at which the quadratic term in Equation (5) cannot be neglected and the 
inherent viscosity plots begin to show curvature. Curvature is not evident in 
the reduced viscosity plots, however, at these higher intrinsic viscosities, since 
the curvature term in the reduced viscosity plots is dependent only on k” and 
not on k’. 


CONCLUSIONS 


In commercial recipes currently in use for production of synthetic polymers 
for oil masterbatch systems, it is quite possible for a marked degree of branching 
to occur starting at about 50 per cent conversion. This branching manifests 
itself in the decreased rate at which the latex can be dissolved in a suitable 
vistex solvent and in the slow rate of solution of the finished polymer. It is 
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also evident in the slope constants of the viscosity plots. When this branching 
occurs, it is possible for a situation to arise where the usually reliable Fuoss- 
Mead plot of inherent viscosity data is not suitable for extrapolation to an 
intrinsic viscosity and where the less commonly used Huggins plot of reduced 
viscosity is preferable. 

SUMMARY 


Production of high molecular weight copolymers of butadiene and styrene for 
use in oil-extended rubbers has aroused interest in the solution properties of 
copolymers above the molecular weight range commonly encountered in com- 
mercial practice. It has been observed that solubility of such polymers in 
toluene is a time-dependent phenomenon and the apparent solubility ean in- 
crease continuously, in the absence of agitation, for as long as 800 hours. Al- 
though a standard Harris cage solubility test may show the presence of 50% gel, 
other properties do not confirm the presence of any appreciable quantities of 
insoluble material. Mild agitation rapidly promotes almost complete solu- 
bility. Dilute solution viscosity measurements are very misleading unless 
the influence of solution time is recognized and apparent intrinsic viscosities 
rise progressively with time of contact of the sample with solvent. 

This time-dependence of solution has been found to occur at conversions 
higher than 50% and is also a function of the amount of modifier used in the 
polymerization recipe. It has not been possible to shorten the solution time 
for viscosity measurements by mild heating or gentle agitation. Mixed sol- 
vents cause a change in the amount of increase of the apparent intrinsic vis- 
cosity but do not shorten the time to equilibrium. 


Measurement of the slope constant in the Huggins viscosity equation indi- 
cate that these solubility and viscosity effects coincide with the appearance of a 
marked degree of branching in the polymer molecules. The effect is, therefore, 
interpreted as being caused by the relatively slow disentanglement of molecules 
of complex structure. 
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CATION AND ANION INFLUENCE IN THE ALFIN 
REAGENT FOR THE POLYMERIZATION OF 
BUTADIENE * 


A. A. Morton, I. Netipow, ano E. SCHOENBERG 


Massacuverrrs or Campnipar, Maas. 


The Alfin catalyst is a combination of three different types of sodium salts, 
best typified by the mixture of allylsodium, sodium isopropoxide, and sodium 
chloride which has been used most frequently. This group causes butadiene to 
polymerize with extreme rapidity. The infrared absorptions at wavelengths 
credited to trans 1,4 and 1,2-structures show that the polymer is very similar 
to the product obtained in emulsion polymerization by reagents of the free 
radical class, and is different from the predominantly 1,2-product produced by 
sodium and organosodium reagents. When handled promptly and correctly, 
the polymer can be dissolved completely in benzene or other customary solvents, 
and dilute solution viscosities of 12 and above are attained easily. Independent 
measurements by light scattering show that the molecular weights are seven 
million and more. No other soluble polybutadiene has attained such dimen- 
sions or has scarcely approached a fifth’ of that value. The present paper (a) 
describes some studies on the ionic composition of the catalyst needed to achieve 
these ends; (b) shows that the effects during a polymerization are distinct even 
when the components of the catalyst are not properly proportioned; and (ce) 
presents briefly an explanation of the outstanding effects obtained. Of the 
three properties measured—yield, viscosity, and infrared absorption—the 
greatest attention was paid to the last because it shows a different manner of 
polymerization, whereas the other two show merely a degree of activity. 


EXPERIMENTAL METHOD 


The composition of each catalyst was as follows: 


A Allylsodium 0.38 mole on the average 
B Wurtz sodium chloride 0.5 mole 
C Alkali metal halide or 1.0 mole 
equivalent salt 
D Alkalimetal alkoxide 1 mole 
i Pentane enough to make the total 


volume 2600 ml 


Three principal steps were necessary in the preparation of the above mix- 
ture. In the first, a mole of a granular halide salt (C) and 1-g. atom of sodium 
sand in pentane were stirred together in a creased flask with high-speed stirring 
at 10,000 rpm for 1 hour. The aleohol was then added at room temperature 
and the mixture was stirred at 5000 rpm until the formation of the alkoxide 
(D) was essentially complete. All trace of unreacted material was eliminated 

* Rey slated {vom the Proceedings of the Third Rubber Technology Conference, London, 1954, pages 108 
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by standing overnight. In the second step, 0.5 mole of n-amyl chloride was 
added to one gram atom of sodium sand at — 10°, in the way regularly employed 
for the preparation of amylsodium'. The 0.5 mole of Wurtz sodium chloride 
(B) was formed during this phase. In the third step the alkoxide-salt mixture 
(D + C) was added to the suspension of amylsodium. Propylene was then 
admitted to the flask, without stirring at first because the absorption of gas was 
rapid, then with moderate stirring increasing gradually to 5000 rpm, where it 
was maintained at 10° for | hour. The propylene gas was then cut off, but 
stirring was maintained for 3 hours while the temperature rose to that of the 
room and some propylene gas was expelled. The preparation of allylsodium 
(A) was generally complete at this point, but the common practice was to 
allow the mixture to stand overnight and to stir for an hour or so the next 
morning before transferring to a gallon glass bottle and diluting with pentane to 
a volume of 2600 ml. 

All of the above operations were conducted under an atmosphere of tech- 
nically purified nitrogen, except when the nitrogen was replaced by propylene 
during the metalation of that hydrocarbon. Transfers of the first suspension 
to the second, and of the final mixture to the gallon bottle, and of any samples 
of catalyst from the bottle to a pipet for analysis or for tests of polymerization 
activity, were made by applying nitrogen pressure to the top surface to force 
the suspension through a tube or up a pipet. All flasks or bottles intended for 
catalyst storage or use were first heated in a steam oven and allowed to cool 
while a current of nitrogen was passed through the containe:. 

Catalysts prepared by this means were kept in the gallon bottle, stoppered 
with an ordinary cork which was well painted with a dissolved glyptal resin. 
Under these conditions the ordinary catalyst kept indefinitely but might, after 
34 months or more, show a small increase in activity. Catalysts which contained 
iodide or lithium ions would, however, change their type of activity as if some 
interchange had taken place in the ionic aggregate. 

For analysis, 100 ml. of each catalyst was removed by a pipet and dis- 
charged into a 2-liter Erlenmeyer flask two-thirds full of solid carbon dioxide, 
The next day a little more carbon dioxide was added, followed by water, so that 
any sodium hydroxide formed would be converted at once to bicarbonate, 
before it would cause allylic change in the vinylacetic acid. The carboxylic 
acids were subsequently recovered from the aqueous solution by conventional! 
acidification and extractions. A titration with alkali gave the total acid and 
with bromine gave the unsaturated acid. The analyses of ten catalyst prepara- 
tions by this method averaged 0.378 moles for the allylsodium, with extremes 
of 0.34 and 0.42 moles and with seven of the ten being 0.37 to 0.39. The total 
carboxylic acid rarely exceeded the unsaturated acid by 5 per cent. 

Infrared measurements.-For infrared studies, 10 ml. of butadiene in 67 ml 
of pentane in a small 4-oz. soft drink bottle was treated with 3 ml. of a catalyst 
suspension for | hour. The contents were then dissolved in 1 liter of eyelo- 
hexane with 15 ml. of 2 per cent methanolic solution of di-te rt-butylhydroquin 
one. The dissolving required 2 days to a week with gentle agitation. Traces 
of gel, if present, were removed by filtcation through copper gauze. A portion 
of the polymer was precipitated with methanol and then dried in a vacuum 
oven. Not more than 0.25 gm. of this polymer was placed in a 50-ml. volu- 
metric flask previously dried in a stream of nitrogen and was dissolved in carbon 
disulfide. This 0.5 per cent solution is the maximum that can be used and 
sometimes even this seemed too concentrated. A 0.3 per cent strength was 
often more suitable. 


a 
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Measurements were made in a Baird recording spectrophotometer in a 
l-mm. salt block cell. The absorption bands at 10.34 and 10.98 microns were 
used for the trans 1,4 and 1,2-structures respectively, and the values for the 
extinction coefficients, as determined by J. Binder*, were employed. The 
original purpose of the work was to employ the relative values of absorption as 
an indication of the direction of change when polymerization was carried out 
under the influence of the different salts. This fact, together with some errors 
in the measurements due mainly to difficulty in cleaning the cell, caused more 
reliance to be placed on the ratio of trans 1,4 to 1,2-polymerization. However, 
the values recorded are probably a fair approximation to the correct ones. 
Perbenzoic acid titrations of the external double bonds gave results agreeing 
within 15 per cent of those by infrared measurement. Also comparisons on a 
sample with the measurements by Dr. W. 8. Richardson’ of the Mellon 
Institute, and Dr. J. Binder® of the Firestone Tire and Rubber Company, who 
had used pure olefins to standardize their measurements, showed the general 
agreement shown below. 


Trane 1,4 1,2 Ratio 
Richardson 70.6 18.4 3.8 
Binder 68.8 26.2 2.6 
M.LT. 64.0 20.0 3.2 


Yields and viscosity.—The quantities used for the measurement of yield were 
3 mil. of catalyst suspension and 30 ml. of butadiene dissolved in 200 ml pen- 
tane. The reaction time was |hour. These proportions have been employed 
previously and are regarded as desirable for most work. The temperature 
rose during this reaction to around 50°C. The mixture set rapidly to a gel. 

For the measurements in a dilute solution, 10 ml. of catalyst suspension was 
used with 7 ml. of butadiene in 700 ml. of cyclohexane in a 1-quart soft drink 
bottle. No temperature rise took place. The polymer remained dissolved. 

In all polymerizations, Phillips’ special purity butadiene was used. The 
pentane and cyclohexane were dried over amylsodium. The tests were made 
within 3 to 10 days after the preparation of the catalyst. Dilute solution vis- 
cosities were measured in cyclohexane. 


EFFECT OF COMPOSITION OF THE CATALYST 


Sodium versus potassium ion.—The composition of the reagent used in this 
series of studies was 0.5 mole of Wurtz sodium chloride, 1 mole of granutar 
potassium chloride, 0.38 mole on the average of allylsodium, and 1 mole of 
sodium isopropoxide changing in steps to 1 mole of potassium isopropoxide. 
The effect upon the type of polymerization is shown in Figure 1. When the 
replacement of sodium isopropoxide was between three-fourths and seven- 
eighths complete, there was a sudden drop in the value of the ratio indicative 
of a change in the manner of polymerization. 

Effect of halide salts.—Two series of tests were made. The first was in a 
composition where sodium isopropoxide was used, but the granular halide salt 
was varied. The results of this series are recorded in Table I in the order of 
decreasing value for the ratio of trans 1,4 to 1,2-polymer. All combinations 
tested showed a comparatively high ratio indicative of Alfin character. 

Similar tests of the effect of different granular halide salts were carried out 
with the composition containing potassium isopropoxide at the extreme right of 
Figure 1. Alfin activity at this composition was slight, but two of the halide 
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a 
0 25 50 75 10 
Moles of Potassium isopropoxide 
Fie, 1.--Effect of ear from sodium to potassium tsopropoxide on the ratio i 
of trans 1,4 to 1,2-polymerization i 
salts (see Table Il) restored in large measure that type of polymerization as : 
judged by the infrared ratio. Others made the ratio much lower. 
Comparison of isopropoxide versus n-proporide.Yor this test all of the 
cations were sodium and the halide ion was chloride. The isopropoxide was 
replaced gradually by the n-propoxide. Figure 2 shows that the amount of 
Tasie 
Ervecr or Hauipe Savrs wirn Sopium /sorroroxipk ON THE 
POLYMERIZATION BY ALLYLSODIUM ie 
Ratio trans Yield 
Rating Salt* 1,4/1,2 Trans 1,4 1,2 Vie % i 
| Nal 3.71 74 20 13 49 
2 KBr 3.63 71 19 17 27 
3 NaF 3.58 70 19 14 67 
4 tLil 3.57 69 19 74 
5 KSCN 3.5 66 19 12 72 
6 LiC] 3.42 73 21 16 65 
7 NaCl 3.25 65 20 14 79 
s iF 3.22 68 21 7 2 
i) NaC! 3.2 64 20 17 75 
10 KF 3.17 70 22 16 22 
11 KC] 3.17 64 20 15 75 
12 K,CO, 2.95 61 21 11 69 


* A control experiment where no granular salt had been added showed only a slight amount of polymer 
ization. After several months, however, the control reagent had developed almost a normal activity 
1 A mixture of 0.75 mole each of lithium chloride and sodium iodide was used in the expectation that E 
some interchange would give lithium iodide. a 
This catalyst was prepared by a method described earlier! by addition of isopropy! aleohol to amyl- 
sodium followed 


by addition of propylene. 
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polymerization decreased almost linearly from the left to right of the graph, but 
the type of polymerization remained essentially the same as long as some centers 
for the very fast Alfin polymerization remained. 


VARIATION OF ION ACTIVITY DURING POLYMERIZATION 


Polymerization, which is carried out in conditions of dilution, is slow enough 
to reveal that two types are present, the very fast Alfin reaction which is largely 
1,4, and the slower ordinary sodium effect which is largely 1,2. As Table III 
shows, the allylsodium cation and sodium chloride reagent showed the Alfin 
characteristic for all of the reaction tested, but the reagent used for No. 10 in 
Table I] showed the Alfin character for only the first 2 or 3 per cent of the re- 
action. In other words, an Alfin process once started will not continue unless 
enough of the proper ions are present to maintain the Alfin salt combination. 


Tasie II 


or wita Porasstum /soPROPOXIDE ON THE 
POLYMERIZATION BY ALLYLSODIUM 


Ratio trans 
/ 


4/1,2 Trana 1,4 1,2 


21 
27 
29 
32 
33 
34 
35 
36 
39 
42 
46 
43 
46 
45 


| 


| 


= 


* A mixture of 0.75 mole each of lithium chloride and sodium iodide was used in this experiment, 


The loss of Alfin activity may well be caused by a secondary reaction, such as 
metalation of the polymer chain by allylsodium, which becomes more likely as 
polymerization is less favored. Once such a reaction has occurred the catalyst 
has lost the structure which is favorable for Alfin polymerization. The process 
then becomes more like that induced by any sodium reagent. 

This factor also explains the results in the polymerization of styrene‘ be- 
cause that monomer should be metalated by hydrogen replacement rather 
easily and the specific structure of the Alfin catalyst would thereby be lost. 
The difference between Alfin polymerization of styrene and that caused by any 
sodium reagent is nowhere as great as in the case of butadiene. 


MANNER OF POLYMERIZATION 


The foregoing facts raise the question as to the manner of polymerization. 
In previous publications’ some emphasis has been placed on the idea that the 
butadiene molecules are adsorbed and properly oriented for a reaction. The 
present data show the critical character of the catalyst surface which can cause 
marked changes in the proportions of trans 1,4 and 1,2 structures. The high 
proportion of 1,4 is virtually the same as that produced in emulsion processes 


| 

Yield 

Rating Salt Vis. 

*Lil 3.27 68 21 

2 Nal 2.61 70 14.6 59 

3 NaCl 1.63 47 — 16 

4 LiBr 1.55 49 12 

5 LiF 1.51 50 22 

6 Nabr 1.48 50 43 

7 NaSCN 1.17 41 1 

KC] 1.08 38 5 

10 NaF 0.86 36 49 

1} KBr 0.80 37 — 

12 Lic] 0.74 32 14 

13 KI 0.73 34 1 

14 KF 0.66 30 2 
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fo} 
Percentage Yield 


Ratio Trans |,4- to |,2- 


| | J 
25 50 75 
Moles of n- Propoxide 


Kia. 2.-—Effect of change from isopropoxide to n-propoxide 


where the reagent is a free radical. The least departure from conventional 
ideas is possible, therefore, if the Alfin process be regarded as caused by a radical. 

Fortunately, amylsodium has already been shown® to be capable of dissoci- 
ating to radicals, and the order of the effect of alkoxides on that dissociation is 
the same as the order in a chemical reaction. Even the Alfin reagent in this 
laboratory has on a few occasions reverted to metal and hydrocarbon after 


Taste III 


OF POLYMERIZATION IN Diture * 
Ratio 
trane 1,4 


to 1,2 


3.9 


Allylsodium Time, 
with mins 


NaCl,NaORt 


¢ 


ac 


NaF, KORt 


8 
23.6 
36.2 
16.8 
44.0 


NN 


* All experiments of short duration are separate and some discrepancies in time and yield are caused by 
variation in the induction period. 
+ R signifies tsopropoxide. 
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standing in the laboratory. Such a dissociation, as shown in Equation (1) 
below, would produce 


CHy=CHCHy Na* — + -Na (1) 


two radicals, necessarily of unequal activity. Actually the dissociation is not 
that of the simple salt but rather of the salt with adsorbed butadiene, as shown 
in (2). 

NatC,H, CHy=CHCH,. + (2) 


Because sodium is possibly the more active of the two radicals and, of more im- 
portance, already holds the adsorbed butadiene, the action probably continues 
from that point to the formation of a new sodium salt and carby! radical, as in 
(3). 

Nat~CH,CH=CHCH;, (3) 


This carby! radical is formed in the midst of a large number of oriented and 
possibly somewhat activated butadiene molecules which have been adsorbed 
on the surface of the catalyst. Accordingly, polymerization, as in (4), is 
unusually active. 


Chain growth continues on the surface until the growing end comes in contact 
with the less active allyl radical which had become polarized by the attraction 
of the positively charged cations for the w electrons and therefore held rather 
firmly in the ionic aggregate. The process is terminated as in (5). According 
to this 


+ 
(5) 


view, Alfin polymerization occurs during the interval between the activity of the 
two radicals formed by dissociation of the salt. The size of the polymer is 
determined by this time interval more than by the proportions of monomer and 
catalyst. 

Branching and crosslinking, which plague the attempts to reach high molec- 
ular weights in emulsion polymerization, are, in the Alfin process, kept at a 
minimum. The conditions are ripe for polymerization because the composition 
of the catalyst permits proper adsorption. This assumption is further sup- 
ported by the fact that special catalysts have been prepared’ which produce 
Alfin polybutadiene with considerable quantities of gel, presumably because 
the surface is no longer ideal for rapid growth. 

Another reason for the absence of these side reactions is that the middle of 
the growing chain may, soon after its formation, be displaced from the surface 
of the catalyst by a preferential adsorption of monomer molecules which have 
twice the number of double bond per diene unit. In such a picture the begin- 
ning point and the growing radical end are in or on the surface of the catalyst 
and the middle section may be in wide loops away from the catalyst and re- 
moved from the normal action which a growing end might exert on the middle 
of the chain. 

This general picture fits well with the results from the use of an ordinary 
sodium reagent, such as allylsodium, in the absence of isopropoxide, or of amyl- 
sodium. In such cases, adsorption and dissociation occur as in Equation (2), 
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but the molecules of diene are not ideally oriented, nor is the hydrocarby] radi- 
eal, particularly in the case of amyl, bound firmly in the aggregate. Accord- 
ingly, the radical derived from the anion adds before more molecules of buta- 
diene can become attached to the growing point and a new salt is formed, as in 
Equation (6) 


R- + Nat~CH,CH=CHCH;: — Na*t-CH,CH=CHCH,R (6) 


where KR signifies allyl, amyl or other convenient fragment. Because a com- 
paratively stable salt is formed, this monoadduct undergoes allylic isomerism 
to give a product, as in (7). 


The next molecule of butadiene accordingly becomes attached as if the addition 
were 1,2. A continuation of this process builds a structure which is largely 1,2. 
Unless a large amount of dissociation of the salts to radicals occurs the poly- 
merization is always slow. The size of the polymer is inversely related to the 
number of active centers or points at which dissociation to radicals occurs. 

These ideas on the nature of the polymerizations by sodium reagents ex- 
plain nicely and simply the facts which have been observed so far. They are 
regarded as a working hypothesis upon which more tests are being made. Con- 
siderable hope is offered also for a control of diene polymerization, perhaps to 
the point where 1,4-polymerization takes place exclusively and also where cis 
is preferred over trans. 


SUMMARY 


A mixture of allylsodium, sodium isopropoxide and sodium chloride causes 
a very rapid polymerization of butadiene to a soluble polymer of unusually high 
molecular weight which has largely a 1,4-structure. The present work is a 
study of the influence of the sodium cation and of various halide salts, and of 
the isopropoxide ion as contrasted with the n-propoxide, upon the proportion 
of 1,4-polymerization. A proper combination of ions will favor greatly the end- 
to-end polymerization and any given reagent may cause either 1,4 or 1,2-poly- 
merization to take place, depending on the composition of the reagent. An 
explanation based on adsorption and orientation of diene molecules on the sur- 
face of the insoluble aggregate of ions is suggested. 
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POLYMERIZATION OF CHLOROPRENE IN 
THE PRESENCE OF THE CHLOROPRENE 
o-~POLYMER * 
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Kagrov Sctentivic Keseancu Insrirere or Paysica, Cuemisrny 


In the polymerization of certain compounds, e.g., 2,3-dimethylbutadiene’, 
butadiene’, chloroprene’, and methyl] acrylate‘, a porous slightly swollen opaque 
polymer with active properties, that is, capable of initiating the polymerization 
of various monomers, is formed along with the normal polymers. 

This polymer, usually called the w-polymer, may form in any part of the 
polymerization system and at various (but not at very early) stages of conver- 
sion. After formation this w-polymer grows rapidly, and soon the whole mono- 
mer becomes polymerized to the w-polymer; the relation between the amount of 
polymer formed and the time can be expressed by the following equation®: 


where W is the weight of the w-polymer at the moment t, and k is a constant. 
The increase of the rate of polymerization with time is an indication of the 
formation, in the presence of the w-polymer, of new active centers at the ex- 
pense of the monomer-polymer system itself. A similar picture is observed 
when the w-nucleus is added directly to the monomer. 

A study of the kinetics of polymerization in active polymer structures in the 
presence of substances which inhibit radical polymerization (oxygen, nitric 
oxide*) showed that these substances also inhibit w-polymerization (polymeriza- 
tion initiated by the w-polymer). This fact undoubtedly indicates that the 
activity of the w-polymer is of a radical nature, but the question of the mech- 
anism of formation of the active centers (radicals) in the presence of the 
w-polymer has not yet been answered. 

The theory’ that in this case the active centers are formed by decomposition 
of hydroperoxides formed as a result of oxidation of the a-methylene carbon 
atoms of the polymer molecules can not be considered satisfactory, since during 
the photopoly merization of monomers from which dissolved oxygen has been 
carefully eliminated, the exclusion of light after the w-polymer is formed does 
not. cause the reaction to stop; in fact, it continues at an increasing rate’. 

The theory® that the activity of the w-polymer is related to the process of 
kinetic side-chain formation, and in particular, the opening of the double bonds 
of the polymer molecule which have not already reacted, does not seem prob- 
able. Data already published* show that the formation of w-polymers takes 
place not only during the polymerization of diene monomers, but also during the 
polymerization of monovinyl compounds. 

* Translated for Rusper Cuemistay anp Tecunovocy from the Doklady Akademii Nauk S.S.8.R 
Vol. 103, No. 3, pages 461-4 (1955). 
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dW =k-W 
dt 
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The purpose of the present study was to obtain data on the kinetics of poly- 
merization of chloroprene initiated by the active centers formed at the expense 
of the monomer-polymer system. 

Our experiments showed that the u-form of polychloroprene (a transparent 
insoluble polymer), as distinguished from the w-form, does not manifest active 
properties. The absence of active properties in the u-form of the polymer indi- 
cates beyond doubt that the formation of active centers during w-polymeriza- 
tion is due, not only to the structural peculiarities of the monomer molecules, 
but also to the specific structure of the w-polymer. 

The kinetics of polymerization of chloroprene in the presence of the w-poly- 
mer nucleus, which is formed by photopolymerization of chloroprene at room 
temperature, was studied on a McBain balance (the monomer was passed 
through the vapor phase). The experiments showed that polymerization of 
this monomer on the w-form of polychloroprene proceeds at a continuously in- 
creasing rate, while in the temperature interval from +5° to +25° the change 
of weight of the w-polymer in time can be described by the equation (see 
Figure 1): 


log W = k’-t (1) 
Differentiating Equation (1) for time gives 


dw 
kW (2) 


(k= 23k’). At 18° k = 13.10~* see. 

The linear relation between the rate of polymerization and the weight of 
the w-polymer (Equation 2) shows that the number of radicals in the system is 
a linear function of the weight of the polymer, and consequently Equation (2) 
can be represented as: 


dn 
kine n (3) 


(n is the number of active centers in the polymer, and kj, is a constant). 

Thus, the constant kj, characterizes the processes which lead to the forma- 
tion of active centers in the system. The total energy of activation of these 
processes, determined in the temperature interval +5 to +25°, is equal to 4-5 
keal./mole. 

A rise of temperature above 25° leads to a decrease of the rate of polymeri- 
zation (when the weight of the w-polymer remains the same), while above 35°, 
the relation: dW /dt = k- W in this case, as is seen in Figure 1, no longer holds 
true. 

A study of the thermomechanical properties of the w-polymer of chloroprene 
on a Kargin dynamometer balance” showed that softening of this polymer takes 
place at 17-20° (see Figure 2). 

The sharp decrease of activity of the w-polymer during polymerization at 
temperatures above the vitrification point gives reason to believe that the 
capacity of the w-polymer to initiate polymerization is closely related to its 
physical state. 

A comparison of the results obtained with those published previously sug- 
gests the following theory of the mechanism of initiation of chloroprene poly- 
merization in the presence of the w-polymer. 
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Fis. 1,-—Relation between "sty of w-polymer of chloroprene and time. Polymerization temperature: 
I—6°, I11—18°, I1I-—25°, IV 47°, VI—105° The abscissa represents the time in hours; the 
ordinate log WwW. 


It is known that the process of w-polymerization often leads to rupture of 
the reaction vessel; this usually takes place before it is completely filled with 
the polymer". This fact indicates that polymerization takes place, not only 
on the surface, but also within the nucleus. Polymerization inside a strongly 
crosslinked vitreous polymer, such as the w-polymer, must inevitably lead to 
deformation of the polymer molecules and the formation of localized internal 
stresses which eventually cause rupture of the individual chains, preventing the 
mass of polymer molecules from assuming more favorable configurations. 
Rupture of the polymer chains then leads to the formation of free radicals 
capable of initiating polymerization. 

Practically no rupture of the kinetic chains would be expected in « vitreous 
polymer; hence, the number of radicals thus formed in a unit of time (the rate 
of initiation) is a linear function of the number of radicals already present in 
the polymer and, consequently, the weight of the polymer itself; that is, the 
kinetics of polymerization at temperatures below the vitrification point of the 
w-polymer can be described by Equations (2) and (3). 

The rate of initiation in this case is determined almost exclusively by the 
rate of growth of the chain, and one may expect that the energy of formation 
of new free radicals will be of the same order of magnitude as the growth of the 
chain (4-5 keal./mole) ; this agrees with experimental results. 

Polymerization proceeds differently at temperatures above the vitrification 
point. In this case the importance of the process of rupture of the chains in- 
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Fie, 2.--Relation between deformation of w-polymer of echloroprene and temperature. The ordinate 
represents the deformation in conventional units; the abscissa the temperature in ° C, 
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creases as the temperature rises; that is, the change of the number of active 
centers in time will be described by the equation: 


dn 
dt 


= kinn d 4) 


where ko is the constant of the rate of rupture, and V is the volume of the poly- 
mer. Furthermore, it is possible that, owing to the decrease of hardness of the 
polymer, the value of the constant kj, will also decrease. 

All this leads to the conclusion that at high temperatures the increase of the 
rate of polymerization, as well as the rate itself, will be less as the temperature 
rises (Figure 1), since the process of rupture, the rate of which during w-poly- 
merization is determined almost entirely by the rate of diffusion between the 
polymer radicals, has a much higher energy of activation than the processes 
which lead to the formation of new polymer radicals. 

The formation of the w-polymer nucleus during polymerization can be repre- 
sented as follows. 

In a polymerization system, owing to fluctuations in the concentration of 
polymer molecules and free radicals, areas in which the degree of crosslinking is 
very great can develop at the expense of transfer of the chain through the poly- 
mer. The local decrease of the constant of rate of rupture and, consequently, 
the increase of concentration of free radicals, will encourage greater network 
formation in these areas of crosslinking. Eventually this may lead to the 
formation of slightly swollen, practically vitrified segments in the polymeriza- 
tion system, in which the laws described earlier will be observed during poly- 
merization. 

The peculiar conditions of polymerization in a vitrified polymer (formation 
of segments of varying density and appearance of localized stresses) result in 
the formation of polymers which differ greatly from ordinary polymers in opti- 
cal, mechanical, and thermodynamic properties. 


REFERENCES 


' Kondakov, J. prakt. Chem. 62, 166 (1900) ; 64, 109 (1901) 

? Abkin and Medvedev, Zhur. Fiz. Khim. 13, 705 (1939); Miller, Alurnbaugh, and Brotherton, J. Polymer 
Sei. 9, 453 (1952) 

* Carothers, Williams, Collins, and Kirby, J. Am. Chem. Soc. 53, 4214 (1931); Medvedev, Koritskaya, and 
Aleksee va, Zhur. Fiz. Khim 17, ail (1943) ; Shantarovic h and Medvedev, Zhur. Fis. Khim 21, 1163 
(1947) 

* Breitenbach, Preusler, and Karlinger, Monatsh. Chem. 80, 150 (1949); Shantarovich and Medvedev, 
Zhur. Fiz. Khim. 23, 1426 (1949); Pravednikov, A. N., Dissertation, Moseow, 1953. 

* Miller, Alumbaugh, and Brotherton, J. Polymer Sci. 9, 453 (1952); Pravednikov, Z. N., Dissertation, 
Moscow, 1953 

* Devins and Winkler, Can. J. Research B26, 564 (1948) 

Medvedev, Koritskaya, and Alekseeva, Zhur, Fiz. Khim. 17, 391 (1943) 

* Shantarovich and Medvedev, Zhur. Fiz. Khim. 21, 1163 (1947) 

* Shantarovich and Medvedev, Zhur. Fiz, Khim. 21, 1163 (1947); Shantarovich and Medvedev, Zhur. Fis 
Khim. 23, 1426 (1949) 

” Kargin and Sogolova, Zhur. Fiz. Khim. 23, 530 (1949). 

! Shantarovich, P. 8., Dissertation, Moscow, 1950; Immergut, Makromol. Chem. 10, 93 (1953) 


PYRIDINIUM HIGH POLYMERS--A NEW CLASS OF 
OIL-RESISTANT SYNTHETIC RUBBERS * 


W. B. Reynoups, J. E. Prircnarp, M. H. 
AND G. Kraus 


Pernoteum Company, Reseancn Division, OKLAMOMA 


INTRODUCTION 


Previous work in this laboratory has led to the development of a new class of 
oil and solvent resistant rubbers prepared by the quaternization of butadiene; 
2-methyl-5-vinylpyridine copolymers'. The quaternizing agent (usually an 
organic halide such as benzal chloride) is added to an otherwise conventional 
compound during the mixing operation and the quaternary vulcanizate is 
formed during a conventional curing step. The mechanism by which the 
quaternization reaction leads to vulcanization has not been elucidated and the 
present study was undertaken to shed light on the type of process involved. 
Since the presence of pigments and conventional curatives unduly complicates 
the system, most of the present study involved the simple system, rubber plus 
quaternizing agent, leading to the following presumed reaction: 


(-R-CH-CH,-R’-) (-R-CH-CH,-R’-) 


N 


CH, 1, 


That this reaction leads to vulcanization, even when the compound R’X is 
monofunctional, suggests an unusual and interesting type of crosslinkage which 
it is the purpose of the present study to examine. 


PREPARATION OF POLYMERS AND QUATERNIZING AGENTS 


The butadiene/2-methyl-5-vinylpyridine (Bd/MVP) copolymers which 
were studied in this program were prepared in the following emulsion system: 


Monomers 100 
Water 180 
Soap flakes 6 
Daxad 11* 0.20 
Sodium hydroxide 0.05 
Potassium persulfate 0.30 
tert-Dodecy| mercaptan 0.27 to 0.45 
Temperature 
Conversion 
Time 17-27 hours 
Mooney (ML-4) 57-78 


* Polymerized sodium salts of alkyl naphthalene sulfonic acid, 77 per cent active ingredients 


79% 


* Reprinted from the Proceedings of the Third Rubber Technology Conference, London, 1954 (published 
in 1956), pages 226-238. 
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The latexes were shortstopped with 0.15 part Goodrite 3955 (50/50 mixture 
of sodium polysulfide and sodium dimethyldithiocarbamate) and stabilized with 
0.5 part phenyl-2-naphthylamine. Polymers of 88/12, 78/22 and 73/27 buta- 
diene/MVP ratio were prepared in this sytem and coagulated with methanol 
and brine. The wet crumb was subjected to extraction for about 2 hours in 
hot water and 15 hours in alcohol to remove salt, soap, unreacted monomer, and 
other contaminants. The polymer was dried under nitrogen in a circulating 
oven at 50° C, 

Five quaternizing agents were purified or synthesized for use in this work. 
These included two esters, octyl chloroacetate (OCA, boiling range 244° to 250° C, 
750 mm.) and £8,8’-bis (chloroacetoxy)-n-propyl ether (CPE, boiling range 195 
to 200° C, 25 mm.) derived from reaction of chloroacetic acid with oety! alcoho! 
and dipropylene glycol, respectively. The other quaternizing agents, benzy!| 
chloride, benzal chloride, and benzotrichloride, were obtained from commercial 
sources and purified by vacuum fractionation prior to use. 


COMPOUNDING AND CURING OF POLYMERS 


Gum stocks as well as pigmented stocks were compounded on a 2.5 & 7 in. 
laboratory mill at roll temperatures of about 25° to 35° C. In most instances 
the stock was sheeted off the mill at a thickness of about 0.10 in. However, in 
some examples, as loadings of quaternizing agents were increased, the stocks 
became softer and the compound could not always be recovered as an integral 
sheet. 

The compounded stocks were cured under pressure for 5 hours at a tempera- 
ture of 307° F to yield 6 & 6 & 0.08 in. slabs suitable for subsequent evaluation. 
The cure period of 5 hours is longer than that normally used in the preparation 
of most types of quaternized stocks, but it was desirable to insure a high degree 
of reaction in this study and preliminary tests indicated that no significant 
losses in physical properties were suffered when quaternized gum stocks were 
subjected to long overcures. Beeause of the high adhesion of quaternized 
rubber to the steel molds, even in the presence of mold release compositions 
it was necessary to cure the stocks between sheets of cellophane. This tech- 
nique provided positive release of the mold sections and yielded specimens 
relatively free of imperfections. Stress-strain and tensile data were obtained 
with an Instron tensile testing instrument, model TTC-1. 


PHYSICAL PROPERTIES OF QUATERNIZED STOCKS 


Simple two-component mixtures of butadiene-MVP rubber and organic 
halides develop tensile strengths on curing of 50 to 1500 p.s.i. compared to 30 to 
90 p.s.i. for the uncured rubber (Table I). In general, the tensile strength and 
modulus (100 per cent) increase with increasing combined MVP content and 
with increasing levels of quaternizing agent. As indicated in Figure 1, the 
monofunctional quaternizing agents clearly lead to an effect resembling vul- 
canization. In the series benzyl chloride-benzal chloride-benzotrichloride, 
modulus values increase with increasing functionality of the halide, particularly 
with the rubber of highest MVP content (27 per cent of combined MVP). 
Some exceptions to this generalization occur with rubbers of lower MVP content, 
possibly because errors inherent in compounding stocks of this type are 
relatively large. 

Many of the quaternized polymers exhibit highly reversible elastic behavior 
and their load-elongation curves are those of typical rubbers (Figure 2). In so 
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Fie. 1,100 per cent modulus of quaternized 73/27 butadiene /MVP copolymer 


1.0 


far as these curves are nearly superimposable, they resemble those reported for 
Butyl?’* and natural rubber* specimens of different degrees of vulcanization. 
In the example of polymers quaternized with benzal chloride at a level of 0.85 
mole per mole of MVP, the elongation curve shows the definite upward in- 
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Fig, 2,—-Strese-strain properties of quaternized 78/22 butadiene/M VP copolymer 
at indicated halide/MVP mole ratios. 
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flection usually associated with crystallization or with the finite extensibility 
of the long molecular chains. 


EFFECT OF CURATIVES AND PIGMENTS ON 
PHYSICAL PROPERTIES 


Curative systems for synthetic polymers derived from butadiene often in- 
clude zine oxide, sulfur, accelerator, and stearic acid as the primary ingredients. 
For butadiene/2-methyl-5-vinylpyridine copolymers it has been found that 
stearic acid may be eliminated from the recipe without apparent loss in cura- 
tive potential. Since quaternization and vulcanization appear to proceed 
simultaneously under conventional conditions of cure it is common practice to 
prepare quaternized vulcanizates simply by adding quaternizing agents to a 


3000 T T 


DRY VULCANIZATES 


SWOLLEN VULCANIZATES 
(Specimens immersed in isooctane 70 hrs @ 25 C) 


HAF BLACK 


1500;- 
DIXIE CLAY 


TENSILE, PSI 
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4 
30 
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Fic. 3.—-Tensile strength of clay or HAF black loaded 78/22 butadiene/MVP copolymer 
quaternized with 17 PHR octyl chloroacetate 


rubber compound during milling. Recently it has been discovered that high 
states of cure may be realized in the absence of sulfur and accelerator with a 
simple system comprising a quaternizing agent and a metallic oxide such as 
zine oxide. This fact is illustrated in Table II, where data are reported for 
stocks containing one or more of the conventional curative components in 
addition to a halide. These data indicate that the maximum in modulus and 
tensile of swollen stocks and the minimum in swell are imparted by zine oxide 
plus the halide as the sole curatives. Using octy! chloroacetate and 8,8’-bis- 
(chloroacetic)-n-propy] ether as the quaternizing agent, the addition of sulfur 
and accelerator (Altax, dibenzothiazoly! disulfide) has not led to further im- 
provements in these properties. 

Quaternized MVP polymers, with or without additional curatives, respond 
to reinforcement with carbon black in much the same manner as do other syn- 
thetic rubbers. However, the response to reinforcement by so-called nonrein- 
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forcing pigments such as metal oxides and clays is unusually good for quater- 
nized rubber. As indicated in Figure 3, the tensile strengths of quaternized 
sulfur-free stocks containing Dixie clay exceed those of stocks containing a 
highly reinforcing black (HAF type), up to volume loadings of about 40 volumes 
of pigment per hundred volumes of rubber. When swollen with isooctane, the 
Dixie clay stocks exhibit higher tensiles throughout the range of loadings 
studied. The addition of zine oxide and other curatives has been found to 
increase the tensile strengths of pigmented stocks by about 50 per cent, but the 
general relationships depicted in Figure 3 remain unchanged. 


PHYSICAL PROPERTIES OF POLYMERS IMMERSED 
IN ISOOCTANE 


Since the swelling capacity of a rubber, as well as the equilibrium modulus, 
is related to the number of effective crosslinkages, a substantial amount of in- 
formation on the characteristics of curative agents may be obtained by a study 


Tasie III 
PROPERTIES OF Is00CTANE SWOLLEN CopoLyMEeRS 


88/12 Bd/MVP 
50% 
Kxe/MVP Tensile Modulus J i v K106 
moles psi pai. Vy moles/ce. 
0.07 OCA®* 83.5 0.412 0.47 
0.40 OCA 77.2 “ 0.495 1.90 
0.52 OCA 112.0 97. i , 0.500 2.00¢ 


108.0 39. 0.446 0.81 
212.0 39. 5. 0.542 2.90 


0.05 35. 5.6 ‘ 5. 0.375 0.31 
0.25 55. 0.383 0.38 
0.52 38. 0.429 0.46 


0.10 BzC ly 3. 0.501 
0.27 BzCl, 38. 0.580 1.56 
0.44 69.0 3! 0.637 1.61 


No halide ‘ 2.5 3! 5.3 0.341 0.05 - 


78/22 Bd/MVP 


0.12 OCA* 67 
0.25 OCA 30. 97. 95 


0.12 CPE* 38. 105 
0.34 CPE 110 


0.06 6 370 


0.06 BzCly y . 105 
0.37 BzCl, . 360 
0.85 BzCl, 308. 370 
0.10 BzCly/ 195 
0.26 BzCl, 9. ' 280 
0.45 BzCl, 199.0 300 


No halide 19.5 


0.536 1.24 
0.577 2.33 


0.556 1.77 
0.695 2.97 


0.474 0.24 
0.501 0.41 
0.528 1.05 


0.537 0.94 
0.816 1,30¢ 
0.951 2.700 


0.570 0.98 
0.683 1,40¢ 
0.830 2.000 


0.456 0.05 


SOS Sad 


. 


= 


0.09 CPE 
0.30 CPE 
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Tasie IIIT (Continued) 
PROPERTIES OF IsooCTANE SWOLLEN Buraprene-MVP Copo.ymers 


73/27 Bd/MVP 


Extrac- 
Rx*/MVP Tensile Modilus Elong tion «108 
moles p.s.i p.s.i. % % moles/ce 
0.09 OCA 113.0 61.7 130 2.9 0.678 1.50 
0.32 OCA 85.0 38 5.5 0.711 2.80¢ 
0.13 CPE* 148.0 104.0 90 1. 0.692 2.40¢ 
0.42 CPE 214.0 167.0 75 5.7 0.907 4.30¢ 
0.10 BzCl4 46.5 11.6 450 1.8 0.660 0.26 
0.29 BzCl 297.0 52.0 640 3.8 0.689 1.200 
0.66 BzCl 753.0 103.0 750 4.7 0.772 2.508 
0.11 BzCl, 151 56.8 265 0.7 0.713 1.40 
0.56 BzCl, 685. 256.0 365 1.3 0.915 A 
0.89 BzCl, $10.0 370.0 300 1.6 0.951 A 
0.11 BzCl,/ 241.0 61.0 375 0.2 0.696 1.50 
0.29 BzC ‘I, 1180.0 647.0 210 0.4 0.925 A 
0.35 BzCl, 2190.0 2190.0 50 0.6 0.982 A 
No halide >13.5 1.4 > 1325 0.0 0.617 0.03 


*Rx = quaternizing agent 
*OCA Octyl chloroacetate. 
*CPE = 8,8’-bis (Chloroacetoxy)-n-propyl ether 
4BzCl = Benzyl! chloride 
= Benzal chloride 
= Benzotrichloride 
* Kinetic theory plot curved, value estimated ata = 1.5 
* Vuleanizate no longer highly elastic 


of vuleanizate properties in the swollen state. In the present study it was de- 
sirable to study rubber stocks covering a wide range of states of cure as well as 
the unvulcanized raw rubber. The choice of solvent was limited to a con- 
siderable extent because of the high solubility of one or more of the raw gum 
stocks in aromatic hydrocarbons, alcohols, ketones, or other solvents. Iso- 
octane proved to be a useful compromise solvent although in some instances the 
volume swelling of the stocks, particularly those of highest MVP content, was 
undesirably low. 

The data of Table III were obtained on quaternized polymers following 
immersion in isooctane for 70 hours at 25° C. In general, modulus values in- 
creased and swelling values decreased with increasing molar ratios of halide to 
combined MVP. This is illustrated in Figures 4 and 5, which show the effect 
of halide type and ratio on the 25 per cent swollen modulus and the percentage 
swell, respectively. 


CALCULATED VALUES FOR EFFECTIVE CROSSLINKAGES 


According to the kinetic theory of rubber elasticity’ the stress-strain curve 
in simple tension is given by the expression 


pRT ] 
T= M. (a 5) = (a -5) (1) 


where 7 is the load (divided by the original cross-section) required to extend the 
rubber to an extension ratio a, p is the density of the rubber, M, the mean 


SWELL, % 


w 
Ss 


RUBBER CHEMISTRY AND TECHNOLOGY 


2000 
BENZOTRICHLORIDE 


BENZAL 
CHLORIDE 


CHLOROACE TATE 


— BENZYL 
CHLORIDE 


CHLOROACETATE 


SWOLLEN 25% MODULUS 


wee 


i 


4 


4 6 10 12 14 
MOLE RATIO OF HALIDE TO MVP 
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immersed in isooctane 70 hrs, at 25° C). 
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molecular weight between crosslinks, & the gas constant, and 7 the absolute 
temperature. The quantity v = p/M, is equivalent to the number (in moles) 
of network chains in a cubic centimeter of rubber and is related to the number 
of crosslinks introduced in vulcanization by the equation®? 


v = 2No — 2p/M, (2) 


where No is the number of crosslinkages per unit volume of rubber and M,, is 
the primary molecular weight of the rubber. 


MOLE RATIO HALIDE 


HALIDE 10 MVP 
A NONE 0 
B bis CHLOROACETATE 12 
C bis CHLOROACETATE 34 
D OCTYL CHLOROACE TATE “12 
E OCTYL CHLOROACETATE 34 


a2 
Via. 6.-—Kinetie theory stress-strain curves for swollen 78/22 butadiene ‘MVP copolymer 


quaternized with bischloroacetate and octyl chloroacetate 


Gee’ has shown that dry rubber vulcanizates deviate seriously from the be- 
havior predicted by Equation (1), but that highly swollen rubbers follow the 
kinetic theory quite closely. In the latter case the stress-strain relation is 


r = vRT V,! (a 3) (3) 


where 7 and @ are aow referred to the swollen dimensions of the rubber and V, 
is the volume fraction of rubber in the swollen specimen. 

The determination of the number of effective crosslinkages according to the 
above equations requires that the stress-strain curve be determined at very 
nearly equilibrium conditions. Independent studies* have shown that this 
requirement is approached quite closely in fully swollen stocks, by conventional 
stress-strain determinations using cross head speeds as high as 5 in. per minute, 
provided that V, is smaller than 0.60. The greatly diminished effects of 
hysteresis in swollen vulcanizates have also been observed by Flory, Rabjohn, 
and Shaffer’ and by Gumbrell, Mullins, and Rivlin”, 

Figures 6 to 9 show kinetic theory test plots of quaternized 78/22 butadiene/ 
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Kinetic theory stress-strain curves for swollen 78/22 butadiene 
copolymer quaternized with benzyl chloride 
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Fie. 8.—Kinetic theory stress-strain curves for swollen 78/22 butadiene /MVP 
copolymer quaternized with benza! chloride. 
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Kia. 9.—Kinetie theory stress-strain curves for swollen 78/22 butadiene/MVP 
copolymer quaternized with benzotrichloride 
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MVP gum stocks swelled in isooctane. In general, the agreement with the 
kinetic theory is satisfactory with the exception of the two highest levels of 
benzal chloride and benzotrichloride. The deviations are in the direction 
expected for rubbers at low degrees of swelling’"®. Similar results were ob- 
tained with the 88/12 and 73/27 copolymers. In the examples where a good 
fit to the theoretical stress-strain relation could be obtained, the values of v were 
calculated and are presented in Table III along with other physical properties 
of the swollen vulcanizates. 

Calculated values of v for 88/12 and 78/22 polymers range from 0.05 
10~* ec, for unquaternized rubber to about 3 * 1074 for mole ratios of 8,8’-bis- 
(chloroacetoxy)-n-propy! ether in the vicinity of 0.30 (Table III and Figure 
10). In all cases the value of v increases with increasing level of combined 
halide, The volume swelling of most of the 73/27 stocks is quite low and the 
stress-strain curves are in considerable disagreement with the kinetic theory. 
These vulcanizates resemble plastics, and their v values, therefore, have not been 
computed, 


DISCUSSION 


It is interesting to compare the values for v with the probable number of 
quaternary groupings (assuming that all of the combined halide is present as 
pyridinium halide). Equation (2) shows that the number of crosslinks is 
approximately equal to v/2, provided, of course, that the original rubber is of 
sufficiently high molecular weight and that v itself is not toosmall. Fora highly 
efhieient crosslinking reaction one would therefore expect a rough correspondence 
of the quantity v/2 with the number of equivalents of quaternizing agent 
reacted, Examination of the data reveals that, in general, a plurality of quater- 
nary groupings is necessary to account for a single crosslink. At low levels of 
the most efficient quaternizing agents approximately four groupings can pro- 
duce a crosslink; at higher levels of a less efficient agent as many as 20 group- 
ings are required. There appears to be no definite correlation between func- 
tionality of the quaternizing agent and the number of groupings necessary for 
a crosslink, e.g., octyl chloroacetate is more effective than benzotrichloride on 
either a molar or an equivalent basis, and is as effective as the bis-chloroacetate 
on an equivalent basis (Figure 10). These observations make it clear that the 
functionality of the quaternizing agent is not the determining factor in the 
efficiency of the crosslinking reaction and that the number of effective crosslinks 
depends primarily on the activity of the halide. The order of increasing activity 
(Figure 10) is roughly 


BzCl < BzCh = BzCl; < OCA < CPE 


It is difficult to account for this behavior by any simple mechanism. The 
most plausible explanation appears to be a combination of several, not neces- 
sarily independent effects, each of which can introduce some stable form of link- 
age. True covalent crosslinks are, of course, possible with the multifunctional 
halides. In addition, ionic interactions of considerable strength might be ex- 
pected between pyridinium halide groupings. Assuming a simple crystallite 
comprising two quaternary halide groupings, the energy of the bond so formed 
would be of the order of magnitude of 40 keal./mole for a cell dimension of 5 A 
or 25 keal./mole for a cell of 8 A. Such a crosslink would probably not be dis- 
rupted by relatively nonpolar solvents and could account for the action of 
monofunctional halides as well as the generally low efficiency of the vulcaniza- 
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tion reaction. No explanation can be offered for the great difference in effi- 
ciency between the monofunctional octy! chloroacetate and benzy! chloride. 

It is evident that a variety of van der Waal's interactions involving ions, 
dipoles, and induced dipoles must also be present. These, however, should not 
manifest themselves as crosslinks’, although they would contribute to the tensile 
strength and modulus, particularly in the highly quaternized, tough, resinous 
polymers (Figure 1 and Table I). 

It is possible to imagine covalent crosslinks which might result from reaction 
of the pyridinium halide groupings with double bonds of another molecule. 
However, this appears rather improbable and the fact that a similar vuleaniza- 
tion effect has been observed with a copolymer of methyl acrylate and MVP 
would seem to prove that unsaturation is not an essential condition. Certain 
of the properties of the simple salts of MVP rubber indicate that these materials 
are crosslinked. 

Of the conventional curatives such as sulfur, accelerator, and activator, only 
zine oxide has a pronounced effect on modulus (Table Il). This is further 
evidence that the quaternary groupings are basically responsible for the cross- 
linking effect since the addition of sulfur and accelerator to the ternary system 
copoly mer-halide-ZnO has a minor effect on the final number of crosslinks!. 


SUMMARY 


Copolymers of butadiene and 2-methyl-5-vinylpyridine are readily vul- 
canized by heating in the presence of organic halides. The number of effective 
crosslinks can be readily calculated from moduli of swollen stocks using the 
statistical theory of rubber elasticity. Crosslinking depends upon the amount 
and activity of the quaternizing agent. However, even at low levels of halide 
concentration, it appears that several quaternary groupings are necessary for 
each effective crosslink. Zine oxide greatly increases the moduli of the swollen 
copolymer-halide systems. However, sulfur and accelerator alone have little 
effect on the same system and these agents do not further increase the moduli 
of the swollen ternary system, copoylmer-halide-zine oxide. 
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A TECHNIQUE FOR OBTAINING THE INFRARED 
ABSORPTION SPECTRA OF HIGH GEL RUBBERS * 


BERNARD M. 


Wanrane Lasonarontes, Anmy Curemican Center, Maryann 


Several techniques have been previously described for obtaining the infrared 
absorption spectra of various types of rubbers. The most convenient method 
is to dissolve the substance under investigation in a suitable solvent and obtain 
the spectrum as a solution employing a sealed liquid cell’. Another technique 
that is commonly employed is to evaporate a benzene solution of the polymer to 
dryness on a rock salt plate, thus obtaining a film’. A more time consuming 
procedure consists of floating a polymer solution on a mercury pool which can 
subsequently be picked up by a steel frame and studied as a film’, 

All the above procedures, although useful when investigating low gel rub- 
bers, eannot be successfully employed with high gel rubbers. Modified poly- 
butadiene crumb rubbers form extremely stable gels, and are almost completely 
insoluble in all common organic solvents. Because of this great insolubility, 
one is limited in infrared sample preparation. Attempts to employ the KBr 
pressed dise technique‘ have met with very little success in our laboratory. 

A technique has been devised which gives excellent results and is based upon 
a peculiar physical property of this type of polymer. It was found that if the 
opaque crumb rubber was pressed (between two transparent plates) it became 
highly translucent. Both rock salt and silver chloride may be employed as the 
plate material for infrared spectral studies. 

An ordinary demountable infrared absorption cell can be employed. 
Several small pieces of the rubber approximately 2 mm. in diameter were placed 
between the salt plate windows and pressure was applied by carefully tightening 
the four screws which hold the cell together. Great care is required in order to 
insure an even distribution of pressure and thus prevent the salt plates from 
cracking. It is advisable for the operator to practice this technique with scrap 
salt plates until some skill is acquired. 

This technique can be less costly and equally effective if silver chloride is 
employed as the plate material. The minimum thickness of the silver chloride 
plates should be 2mm. Silver chloride plates are obtainable from the Harshaw 
Chemical Company. This salt is an excellent infrared window material (2-15 
microns), and it resists fracture due to its elastic nature. 

However, this material is somewhat soft and tends to be easily deformed’. 
Therefore, a support of the type shown in Figure | should be inserted between 
the cell frame and the silver chloride plates to prevent the latter from buckling 
under the pressure while a sample is between the plates. This particular 
support is designed for use with Perkin-Elmer demountable cell mounts. 
However, a similar support can be made for other types of cell mounts. 

The technique described above appears to be the only solution at the 


* Reprinted from the Journal of Polymer Science, Vol. 21, Issue No. 98, August, 1956, pages 324-324 
The present address of the author is Lederle Laboratories Division, American Cyanamid Co., Pearl River, 
New York 
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INFRARED ABSORPTION SPECTRA OF HIGH GEL RUBBERS 


— 


Fig. 1,—Support for preventing silver chloride plates from buckling. 


present time for obtaining satisfactory infrared spectra of highly insoluble 
crumb rubbers. Its usefulness as a quantitative technique is limited, since the 
thickness of the sample is not readily reproducible and depends upon the skill 
of the analyst. 
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THE RAPID SEMIMICROVOLUMETRIC 
DETERMINATION OF SULFUR IN 
NATURAL AND SYNTHETIC 
RUBBER VULCANIZATES* 


B. BAUMINGER 


CuemicaL Reseancu Devanrment, Centrat Reseancu Division, 
Dunvor Reseanca Centre, biaminonam, 


The chemical literature on the quantitative determination of large and small 
amounts of sulfur is very extensive. The methods developed by the different 
authors for this determination differ essentially in the type of oxidizing agent 
used, 

Wet digestion with nitric acid and bromine! and precipitation of barium 
sulfate are known. Frey? was able to decompose natural rubber, Buna, and 
Perbunan compounds with high perchloric acid concentration, and to eliminate 
interference of cations by means of an ion exchanger’. Other authors used the 
Carius and the sodium peroxide-sodium carbonate fusion methods‘. British 
Standards B.8.903 employed a combustion method®, and for the determination 
of the total sulfur the sample was decomposed at 1450° C. However, electric 
furnaces in common use operate only up to 1100° C. An effort has, therefore, 
been made to lower the temperature of decomposition. The present study 
shows that the temperature can be reduced to 1000° C if the sample is covered 
with a mixture of vanadium pentoxide and zine oxide. The total sulfur in 
compounds containing lithopone, barytes, whiting, and other alkaline-earth 
metals can be determined directly by this method. For the determination of 
organic and sulfide sulfur, the rubber sample is covered with aluminum oxide 
previously ignited at 1000° C. This prevents sudden sputtering during com- 
bustion. 

By suitable modification of the Grote microcombustion tube’, and the ab- 
sorption vessels and the use of a titrimetric end-point determination, it has 
been possible to transform the procedure into an automatic, rapid, and precise 
method which works in the presence of all elements likely to occur in practice. 

In this communication a description is given of the complete semimicro- 
combustion technique now in regular use. The same apparatus can also be 
used for the determination of the total sulfur in synthetic vulcanizates (Neo- 
prene, Perbunan, Hypalon, etc.). 


SEMIMICRODETERMINATION OF SULFUR IN NATURAL RUBBER, BUTYL, 
AND KRYLENE COMPOUNDS WITHOUT MINERAL FILLERS 
‘ 


PRINCIPLE OF THE METHOD AND THE APPARATUS 


The finely cut substance is weighed into a combustion boat, covered with a 
layer of aluminum oxide or a mixture of vanadium pentoxide and zinc oxide, and 
then decomposed in a combustion tube in a stream of oxygen at 1000° C. The 

* Translated for Cuemistxy Tecunorocy from Kautechuk und Gummi, Vol. 8, No. 2, 


pages WT 31-34, August 1955. This paper was presented at the session of the Deutsche Kautsechuk- 
Gesellschaft, October 21-23, 1954, in Munich 
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SO, formed is passed into a neutral hydrogen peroxide solution, where it is 
oxidized to sulfuric acid. 

The apparatus developed for this technique is shown in Figure 1. Details 
of its principal constituent parts are as follows: 


1. Oxygen cylinder with reducing valve. The rate of oxygen flow is con- 
trolled with a calibrated flowmeter (M) at 50 ml. per minute. 

2. Purification train for oxygen, consisting of two U tubes (R). The first 
tube is filled with Caroxite, the second with Anhydrone (magnesium perchlo- 
rate). 

3. A means of propelling, consisting of a T-tube (T) and push rod (8) joined 
to the T-piece by means of a closely fitting rubber tubing. The push rod must 
be long enough so that the boat in the combustion tube can be advanced all the 
way into the center of the combustion tube, i.e., the hottest zone of the furnace. 
The T-tube enters the combustion tube (V) through a well fitting rubber 
stopper. 


Fig. 1. 


4. Electric furnace (O) with combustion tube (V). The temperature is 
maintained constant with an automatic temperature controller. The com- 
bustion tube of highly resistant quartz has a total length of 57 em. and inside 
diameter of 16 mm. The right-angle bend in the narrow tube is wound with 
Bright-C-wire (80/20 nickel-chromium alloy), and the temperature is held 
constant at 700° C in order to drive the SO; mist, which would otherwise settle 
on the walls of the quartz tubing, over into the absorption vessel (A). The 
combustion tube is connected to the absorption apparatus by a gas-tight ground 
joint, which is lubricated with sulfur-free silicone or some other high melting 
grease, and held together by springs. 

5. Absorption apparatus (A) consisting of two absorption vessels. The 
first vessel contains a sintered glass filter of porosity G3 and is filled with 15 ml. 
of 3.75 per cent hydrogen peroxide solution. The second vessel contains 5 ml. 
of the same solution and serves as a control for the complete removal of the 
carbon dioxide. Both parts are joined by dry-ground joints and held fast by 
springs. 


ANALYTICAL PROCEDURE 


In rubber compounds which contain no alkali and alkaline earth sulfates 
and whiting fillers, it is possible to determine the total sulfur in 30 minutes. 
The normal weight of sample taken is 50 mg. With very high sulfur content 
the weight must be correspondingly reduced. A number of preliminary 
experiments have shown that the following procedure is advantageous. 
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I 
Cueck or SEMIMICROMETHOD WITH FILLER-FREE NATURAL RUBBER-SULFUR COMPOUNDS 


Theoretical Combustion Gravimetric 
value method method 
% % % 


1.12 1.13 


RAW 


~ 


A 50-mg. sample of vulcanizate, milled out thin and cut into small pieces, 
is placed in the quartz boat and completely covered with aluminum oxide 
(analytical reagent grade, free of sulfur and alkaline-earth oxides). The boat 
is inserted in the mouth of the combustion tube and after closing the combus- 
tion tube with the entry fitting, the rates of flow of the air stream (58 ml./min.) 
and of the oxygen stream (50 ml./min.) are regulated. The boat with the 
sample is propelled slowly toward the hot zone of the furnace (1000° C), where 
it is heated until combustion is complete. This usually takes about 20 minutes, 
but the actual time obviously depends on the nature of the sample. The com- 
bustion products are absorbed in neutral hydrogen peroxide solution (analytical 
reagent grade, sulfur-free). After the ground joint has cooled, the absorption 
solution is drained into a titration vessel and the absorption vessels are rinsed 
with 20 ml. of distilled water. Then the acidimetric titration is carried out 


Taste II 
Suurur iN SAMPLES OF DIFFERENT MATERIALS 
Combustion Gravimetric 
method method 


Compound 8 


Foam rubber (1) a 2.74 
Foam rubber (2) ‘Bi 2.50 


Latex thread (1) BE 7.54 


Latex thread (2) 
Slightly vulcanized latex 
Tire tread (1) 

Tire tread (2) 

Butyl compound 


Krylene compound 


2.24 2.25 
2.22 
3.36 
5.60 
5.58 
5.61 
7.53 
7.42 
7.38 
0.19 
0.20 
1.76 
1.77 
1.83 
1.81 
1.89 1.87 
1.89 
1.38 1.38 
1.39 
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with 0.02 N sodium hydroxide in the presence of a mixed indicator of methyl 
red and methylene blue. 

The results obtained are given in Tables | and II, from which an idea of the 
accuracy of the new combustion method may be gained. 


VOLUMETRIC SEMIMICRODETERMINATION OF TOTAL SULFUR IN 
NATURAL-RUBBER VULCANIZATES CONTAINING BARYTES, 
LITHOPONE, WHITING, ETC. 


For the determination of total sulfur in rubber compounds containing 
barytes, lithopone, whiting, etc., an attempt was made to lower the decomposi- 
tion temperature of the alkaline-earth sulfates. Since acids of very low volatil- 
ity or their acid salts and anhydrides, respectively, will displace the more vola- 
tile acids from their salts at higher temperatures, it was possible to solve the 
problem of the alkaline earth sulfates in rubber vulcanizates with the combus- 
tion apparatus. 

Precipitated barium sulfate was used as the starting material. A series of 
preliminary experiments was carried out to find a suitable acid or anhydride 
not volatile at high temperature. Various chromic oxides, sodium peroxide, 


Tas_e III 


‘THERMAL Decomposition OF BARIUM SULFATE AND CALCIUM SULFATE 


Found Theoretical 
Substance %s 
BaSO, 13.67 13.74 
13.72 
13.69 
13.68 
CaSO,-2H,O 18.61 18.62 
18.59 


borax, boron trioxide, boric acid, tungsten trioxide, sodium metaphosphate, 
vanadium pentoxide, ete., were tested. Investigations of Zinnecke’ and 
Kirsten® had shown the remarkable fact that alkali sulfates are decomposed by 
the addition of vanadium pentoxide. The attempt was made, by the aid of 
this material, to lower the temperature necessary for the thermal decomposition 
of the alkaline earths and thus to improve the previous method® of determining 
total sulfur. Studies with various catalysts showed, however, that for the 
quantitative decomposition of barium sulfate at 1000° C, an addition of zine 
oxide to the vanadium pentoxide was necessary. A mixture of 4 parts by 
weight of vanadium pentoxide and one part zine oxide was found to be suitable. 


ANALYTICAL PROCEDUKI 


For the determination of the total sulfur in inorganic substances and in 
vuleanizates sheeted out thin and cut into small pieces, the sample is weighed 
into a transparent quartz boat and covered with a layer of a mixture of 0.8 g. 
of vanadium pentoxide (analytical reagent grade) and 0.2 g. of zine oxide 
(analytical reagent grade). Then the combustion procedure described above 
is carried out, except that the sample is left in the hottest zone of the combustion 
furnace (1000° ©) for an additional 30 minutes. In this way the sulfur is 
driven out quantitatively and the resulting SO, passed into hydrogen peroxide 
solution, as described above, where it is oxidized to sulfuric acid. This is 
titrated with 0.02 N sodium hydroxide in the presence of the mixed indicator. 
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It should be pointed out here that blank tests must be run on the vanadium 
pentoxide-zine oxide mixture. The value is usually constant throughout the 
same batch. The blank volume is to be taken into account in the evaluation of 
the analysis. 

Table III gives the values obtained when barium sulfate and calcium sulfate 
are used as test substances. 

To test the applicability of the new technique by practical examples, deter- 
minations were made of the sulfur content of various vulcanizates which were 
compounded with different mineral fillers in addition to the sulfur (compounds 
1-4). The results are given in Table IV. 


Taste IV 
Tota, NATURAL RUBBER VULCANIZATES 
Combustion Gravimetric 
method method* 
Compound % 8 
1 5.68 5.63 
5.65 
5.69 
2 7.98 7.98 
7.94 8.09 
7.95 8.07 
7.93 
7.93 
7.93 
3 4.33 4.36 
4.39 4.34 
4.38 4.35 
4.34 
4.34 
4 1.89 1.82 
1.87 1.88 
1.88 
Compound 1 2 3 4 
Lithopone — 2.0 8.0 3.3 
Silicie acid 17.9 
Whiting 10.0 11.9 47.9 21.0 
Zine oxide 5.0 6.0 3.0 2.5 
Barytes 48.0 12.3 
Antimony sulfide - 1.25 - 


* The gravimetric determinations were made by the Analytical Laboratory in the General Goods 
Division of the Dunlop Rubber Co. Ltd., Manchester 


It should be added that this study is not yet finished. Further experiments 
indicate that it is possible, by means of the combustion method to obtain the 
“true total sulfur’, that is, the elemental sulfur mixed in the rubber, as dis- 
tinguished from the sulfur which originates from the fillers in the form of sulfate 
or sulfide. This will be reported later. 


VOLUMETRIC SEMIMICRODETERMINATION OF SULFUR IN SYNTHETIC- 
RUBBER VULCANIZATES CONTAINING CHLORINE AND NITROGEN 


The modified combustion apparatus has also been used for the determination 
of sulfur in synthetic-rubber compounds. When Neoprene compounds con- 
taining zine oxide are ignited in a stream of oxygen, hydrogen chloride and zine 
chloride are formed along with the sulfuric acid. This is also the case when 
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nitric acid is present in the hydrogen peroxide solution from the combustion of 
nitrogen-containing synthetic-rubber samples, and it is not possible to make a 
direct and accurate acidimetric determination of the sulfuric acid in this way. 
It was desirable, therefore, to be able to determine the sulfuric acid formed in 
the hydrogen peroxide solution rapidly, and if possible, volumetrically, by a 
universal method. The published methods were less suitable’. According to 
Belcher and coworkers”, however, 4-amino-4'-chlorobipheny! in hydrochloric 
acid solution can be used satisfactorily for a quantitative determination of sul- 
furic acid. In view of the high sensitivity claimed by the authors, this reagent 
seemed to be suitable for the determination of sulfur in synthetic-rubber com- 
pounds, the more so, as it was established, in agreement with Belcher, that the 
method worked even in the presence of nitrates, chlorides, hydrogen peroxide, 
and zine in tenfold excess. 


PRINCIPLE 


OF 


THE METHOD 


The sulfuric acid under test is made to react with an excess of a hydrochloric 
acid solution of 4-amino-4’-chlorobipheny! and the filtered precipitate is titrated 
with 0.02 N sodium hydroxide, using a mixed indicator of phenol red and 
bromothymol blue. 

An approximately 0.3 per cent solution of 4-amino-4’-chlorobiphenyl| salt in 
0.1 N hydrochloric acid was prepared by dissolving, with warming, about 3.5 g. 
of the hydrochloride in 0.1 N hydrochloric acid and diluting with 0.1 V HCl 
to 1000 ml. 


ANALYTICAL PROCEDURE 


A 50-mg. sample of the synthetic vulcanizate to be analyzed is covered with 
Al,O3 or V205/Zn0O, introduced into the combustion tube, and ignited in the 
usual manner. After quantitative conversion to sulfuric acid, the absorption 
solution (20 ml.) and wash water (20 ml.) are run into a titration vessel (a 
100-ml. wide neck conical flask), and 40 ml. of warm reagent is added along 
with some suspended filter paper slurry. After 5 minutes the flask is cooled to 
15° C and let stand for 10 minutes more at this temperature. 

For the filtration of the resulting precipitate, instead of the filtration de- 
scribed by Belcher", the use of a water-pump with moderate suction was found 
advantageous. In this way the precipitate can be washed free of chloride with 
a minimum of wash water. A small funnel (50 mm. diameter) and a small 
Witt plate (12 mm. diameter) are used. A slurry of filter paper fiber is added, 
and the depth of fiber in this pad should be 12 mm. Then the reaction mixture 
is poured on and filtered slowly with gentle suction. The flask and the funnel 
are washed once with 3 ml. of distilled water and then three times with succes- 
sive 3-ml. portions of a saturated solution of the 4-amino-4’-chlorobipheny! 
sulfate. The last wash liquor should no longer react with a nitric acid-silver 
nitrate solution. The filter paper with the residue is introduced into the same 
flask, 40 ml. of distilled water added, brought to boiling, and boiled for one 
minute. Then the titration is immediately performed with 0.02 N sodium 
hydroxide and a mixed indicator of phenyl! red and bromothymol blue. The 
solution is heated again and the titration continued until the first persistent 
color change occurs. The blank value for the reagents must be determined 
and corrected for in the final analytical results. 

The aqueous saturated solution of the sulfate salt is made up by preparing a 
chloride-free 4-amino-4’-chlorobiphenyl sulfate and dissolving it in boiling 
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distilled water. It is left to cool overnight at room temperature (20° C). 
Finally it is filtered and the clear solution stored in an opaque flask. 

The usefulness of the method is shown in Table V by some values obtained 
with the procedure described. 

The maintenance and operation of the apparatus as well as the carrying out 
of the analysis are extremely easy and simple. Especially advantageous are 
the volumetric method of analysis and the possibility of making a quantitative 
determination in one hour or less. 

As already mentioned, it is possible to determine the ‘true total sulfur’. 
This procedure is now being developed and will be published later. 


TABLE V 
SuLrur IN SynTHETIC-RUBBER COMPOUNDS 
Found Calculated 
Sample %s %s 


Perbunan 1.17 1.15 
1.16 

Perbunan 2.23 2.24 
2.22 

Perbunan 5.65 5.60 
5.61 

Neoprene 0.55 0.55 
0.58 

Hycar OR-15 2.07 2.06 
2.05 

Hypalon 1.41 1.40 
1.40 

Hypalon 0.78 0.77 
0.77 


SUMMARY 


In the first part, a modified form of combustion apparatus for sulfur analy- 
ses is described, and the principle of the method and the apparatus itself are 
illustrated by a schematic diagram. In the determination of sulfur in natural- 
rubber, Butyl-rubber, and Krylene mixtures which contain no mineral fillers 
such as barytes and whiting, 50 mg. of finely divided vulcanizate is covered 
with aluminum oxide, decomposed in a current of oxygen at 1000° C, and the 
sulfuric acid formed is determined gravimetrically. An analysis requires about 
30 minutes. Differences between the analytical values obtained and the cal- 
culated values never amount to more than +1 per cent. 

In the second part of the work, a newly developed procedure for the deter- 
mination of total sulfur in rubber mixtures which contain barytes, lithopone, 
whiting, ete., is described. The sample is covered with a mixture of vanadium 
pentoxide and zine oxide and is then decomposed in a current of oxygen at 
1000° C. Here too the sulfuric acid which is formed is titrated acidimetrically. 
An analysis requires about one hour. 

The final part of the work deals with a new method for the determination of 
sulfur in synthetic-rubber vulcanizates, such as Neoprene, Perbunan, Hypalon, 
ete. The sulfuric acid formed by their combustion is precipitated by a hydro- 
chloric acid solution of 4-amino-4’-chlorobiphenyl, and titrated with sodium 
hydroxide. Zinc, chlorides, and nitrates have no disturbing effects on the re- 
action. The method was tested with vulcanizates of known compositions and 
was found to give satisfactory results. 
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RAPID DETERMINATION OF CHLORINE CONTENT OF 
RUBBER HYDROCHLORIDE BY MEANS OF DENSITY 
GRADIENTS IN CENTRIFUGAL FIELD * 


Gerrit Scouur AND ARIE KLOoTWIJSK 


Derr, 


Partial mixing of liquids of different density produces a density gradient that 
ix fairly linear and stable. The use of such liquid density gradients for deter- 
mining the density of suspended particles has been demonstrated by Linder- 
strgm-Lang'. It is, of course, important that the liquid employed should not 
dissolve, dissolve in, or otherwise attack the suspended particles. The method 
is rapid and accurate, and has been applied previously in studies of high poly- 
mers. Boyer, Spencer, and Wiley? used density gradients for the measurements 
of the rate of crystallization of poly(vinylidene chloride), and Tessler, Wood- 
berry, and Mark’ for the analysis of fiber mixtures. Gordon‘ measured the 
degree of cyclization of cyclized rubber and Gordon and Macnab® studied the 
thermal expansion of polystyrene by means of density gradients. 

However, it is impossible to measure the density of very small particles by 
this method under the influence of gravity alone, because they do not reach 
their equilibrium positions in reasonable times. 

Brakke® demonstrated that this difficulty can be solved by placing the 
density gradient in a centrifugal field. He used this method for the purification 
of viruses. In this same way Kahler and Lloyd’ determined the density of the 
particles of polystyrene latex and Low and Richards* determined the density 
of small crystals. 

This principle has now been applied to derivatives of natural rubber pre- 
pared from latex’. For the sake of brevity the method is discussed only in rela- 
tion to rubber hydrochloride, but trivial variations of the method, e.g., the 
density ranges of the gradients, also make it applicable to chlorinated rubber 
and cyclized rubber. 

The density of rubber hydrochloride from latex depends only on its chlorine 
content, if crystallization is avoided by keeping the emulsion at or below room 
temperature. When the emulsion is exposed to higher temperature, a rapid 
crystallization occurs” and the density depends both on chlorine content and 
degree of crystallization. 

The preparation of an emulsion of completely saturated rubber hydro- 
chloride takes approximately 50 hours at room temperature and atmospheric 
pressure. If a product of a certain chlorine content is needed, normal analytical 
methods are of only limited value, because sample preparation and chlorine 
determinations take at least several hours and the reaction has then proceeded 
further. However, a rapid method for determining chlorine content is pro- 
vided by the measurement of the density, if the relation between density and 
chlorine content is known. 


* Reprinted from Analytical Chemiatry, Vol. 28, no. 9, September, 1956, pages 1455-1457. The present 
address of the authors is Koninklijke ‘Shell-Laboratorium, Amsterdam, Holland. 
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EXPERIMENTAL 


Gradient tubes.—The density gradient tubes should be as long as possible 
in order to obtain maximum accuracy. The centrifuge used in this laboratory" 
allowed a maximum length of 190 mm. An inside diameter of 10 mm. is best. 
If the diameter is considerably larger than this, the gradients are easily de- 
stroyed by turbulence caused by handling or centrifuging, whereas a much 
smaller diameter may give rise to wall effects. 

Preparation of gradients.—The density gradients are made from sodium 
chloride solutions containing a few drops of hydrochloric acid. Low and 
Richards® found that the gradients cannot easily be calibrated with oil drops of 


Fig. 1,—-Gradient tubes. A, B. Gradients with several dyes before and after partial mixing, respec- 
tively. C. One sample and oil drops for calibration. D. One sample and several layers of rubber hydro- 
chloride for calibration. 


known density, because small particles tend to adhere to these drops. This 
difficulty has also been encountered by the present authors, but it was solved 
by the addition of 1 per cent Emulphor-O” to the sodium chloride solutions. 
This nonionic detergent prevents the adherence of smal! particles to each other 
or to the oil drops. To facilitate a reproducible and linear partial mixing of 
the solutions, small amounts of dyestuffs are added. 

Figure 1, A and B, shows gradient tubes filled with 4.5 ml. of three different 
solutions both before and after partial mixing. The solutions are: 22 per cent 
sodium chloride containing 1 per cent Emulphor-O and small quantities of 
hydrochloric acid and bromothymol blue (density, 20/20, 1.17); 16 per cent 
sodium chloride with 1 per cent Emulphor-O and a trace of hydrochloric acid 
(density, 20/20, 1.12); and 10 per cent sodium chloride with 1 per cent Emul- 
phor-O and small quantities of hydrochloric acid and methy] red (density, 20/20, 
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1.07). The partial mixing is done in the usual way by passing a copper spiral 
slowly up and down until the colors pass into each other gradually. 

Calibration of gradients.— Mixtures of nonvolatile oils are preferred in order 
to avoid alterations of the densities by differences in the rate of evaporation of 
the components. In these experiments mixtures of Aroclor-1221" and dibutyl 
sebacate were used. The densities of these mixtures are shown in Table I. 
Because the oil drops tend to adhere to the surface of the gradients, very small 
drops are added to the gradient just below the surface by means of a small pipet 
with a fine tip. 

Preparation of rubber hydrochloride.—The rubber hydrochloride is made from 
normal centrifuged latex by the method of van Veersen’. The latex is stabilized 
by 1.75 grams of Emulphor-O per 100 grams of rubber. It is then poured with 
stirring and cooling into half its volume of concentrated hydrochloric acid, and 
hydrogen chloride gas is passed through below 20° C. The reaction is ‘com- 
pleted in about 50 hours at atmospheric pressure. The rate of reaction can be 
increased considerably by a small increase in pressure. 

Preparation of curve.—-At certain time intervals samples are taken from the 
reaction vessel. A few drops of each sample are used for the determination of 
the density. The rest is precipitated in alcohol, filtered, washed, and dried at 
50° C. The chlorine content is then determined by the method of Carius. 


Taste 


Densities Or Sepacate Mixtures 
Aroclor 1221 Dibutyl sebacate 


(ml.) (ml.) Density (20/20) 
100 30.1 1.1379 
100 36.4 1.1285 
100 50.2 1.1121 
100 60 1.1026 
100 79.8 1.0873 
100 93 1.0660 
100 113 1.0566 


Determination of density..-The maximum speed of the Major centrifuge is 
only 3000 r.p.m. This is too slow for the particles of rubber hydrochloride to 
reach their equilibrium position rapidly. The particles are therefore first 
flocculated by adding a few drops of the sample to 1 ml. of ethyl alcohol. One 
or 2 drops of this flocculated dispersion are put into a gradient, which is then 
centrifuged for 2 minutes at 3000 r.p.m. 

A sharp layer with a thickness of 0.5 to 1 mm. is obtained (Figure 1, C). 
The oil drops to calibrate the gradient are then added and the centrifuging is 
repeated. It is also possible to calibrate the gradient first and centrifuge the 
rubber hydrochloride particles afterward. 


RESULTS AND DISCUSSION 


The relation between chlorine content and density of amorphous rubber 
hydrochloride was established in the range from 24 to 33 per cent chlorine. 
When the values were plotted a linear relationship was obtained, as shown in 
Figure 2, in which the points are the mean values of two chlorine determinations 
by the Carius method and two density measurements (Table I]). The errors 
of the chlorine determinations are evidently substantially larger than those of 
the density measurements. This is partly due to the inaccuracy of the Carius 
method and partly to the fact that the washing and drying of products contain- 
ing about 25 to 30 per cent chlorine are rather difficult because of some tend- 
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Fie. 2.—Chlorine content of amorphous rubber hydrochloride as function of its density. 


ency for decomposition. Products with a chlorine content of less than 24 per 
cent are so unstable that changes of the chlorine content during coagulation, 
washing, and drying are likely to occur. 

If the density of a rubber hydrochloride is determined, the corresponding 
chlorine content can now easily be found from the graph. The determination 
of the density takes less than 10 minutes, which enables one to follow the hydro- 
chlorination process very closely. An additional advantage is that only minute 
quantities are needed. 

It is possible to calibrate the gradients with rubber hydrochloride disper- 
sions of known density. The various dispersions may be added and centrifuged 


Tasie II 


CHLORINE CONTENT AND Densrry or AMORPHOUS 
Ruspper HyprocuLoripe 


Chlorine content 


Density (20/20) 


Sample Ay. Ay 

l 24.4, 24.4 24.4 1.057, 1.059 1.058 
2 24.0, 24.4 24.2 1.060, 1.060 1.060 
3 24.9, 24.3 24.6 1.066, 1.064 1.065 
4 25.3, 25.7 25.5 1.070, 1.070 1.070 
5 26.9, 26.7 26.8 1.079, 1.079 1.079 
6 27.7, 28.1 27.9 1.090, 1.092 1.091 
7 29.0, 29.6 29.3 1.096, 1.091 1.093 
8 28.7, 29.1 28.9 1.101, 1.099 1.100 4 
9 30.4, 30.1 30.2 1.107, 1.107 1.107 
10 30.6, 30.8 30.7 1.118, 1.114 1.116 
ll 31.2, 31.2 31.2 1.118, 1.118 1.118 
12 $1.7, 31.3 31.5 1.120, 1,123 1,122 
13 32.0, 32.2 32.1 1.126, 1.128 1.127 
14 33.0, 32.6 32.8 1.128, 1.131 1.129 
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simultaneously. Emulphor-O prevents the flocculates from adhering to each 
other, and each sample gives a sharp layer as shown in Figure 1, D. It is im- 
material whether the sample of unknown density or the samples used for calibra- 
tion are centrifuged first. Particles with a greater density move right through 
existing layers with a lesser density. 

Precision.-The determination of the chlorine content by this method is, of 
course, not an independent one. Its precision depends on the accuracy of the 
plot shown in Figure 2; if all the chlorine determinations by the Carius method 
are too high or too low the density method will be in error, also. Relatively, 
however, the density measurements give more accurate results. 

To demonstrate this fact a hydrochlorination was carried out under circum- 
stances whereby the chlorine content increased from 28 to 30 per cent in 3 hours, 
Samples taken at intervals of 10 minutes should differ by about 0.11 per cent 
in chlorine content. This difference is too small to be detected by normal 
analytical procedures, but the samples clearly separated in individual layers. 
The differences in density corresponded with a difference in chlorine content of 
about 0.1 per cent. This means that the relative accuracy of this method is 
better than 0.1 per cent, a substantial improvement over the Carius method. 
It may be possible to improve the sensitivity of the method still further by de- 
creasing the steepness of the gradients, but this was unnecessary for the authors’ 
purposes and, therefore, was not investigated. 

This method has been applied for several years in this laboratory. Modified 
according to the exigencies of the case, it may be equally valuable for the in- 
vestigation of other polymers. 


SUMMARY 


The density of small particles can be determined by suspending them in a 
liquid of graduated density and centrifuging. Experimental improvements 
have been found which make the method suitable for accurate density meas- 
urements of rubber hydrochloride from latex. The density of amorphous 
rubber hydrochloride has been determined in the range from 24 to 33 per cent 
chlorine. The density measurements provide a means of measuring the 
chlorine content of rubber hydrochloride in less than 10 minutes, thus enabling 
one to follow the hydrochlorination of latex closely. Differences as small as 
0.1 per cent in chlorine content can be determined. The method is applicable 
to other polymers as well. 
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THE WANDERBILT LABORATORY 


... Located in East Norwalk, Connecticut. 
Maintained as a development and 
technical service center in the interest 

of our customers and their efficient use 
of Vanderbilt materials for Dry Rubber, 
Latex, and Plastics Compounding. 


Products of Vanderbilt Research 
it Will Pay You to Investigate... 


SULFADS 


Ultra Accelerator with 
25% available sulfur for 
heat resistant rubber 
and Butyl compounding. 


SETSIT 9 


Accelerator for latex 
compounds. Provides 

low precure rates with 
maximum activity at 
vulcanizing temperatures. 


VANDERBILT CO., INC. 


230 Park Avenue, New York 17,N.Y. | 
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News about 


B.EGoodrich Chemical :aw materials 


* new high-tack Hycar 
* specification compounding 


* liquid GR-S polymer 


NEW HIGH TACK HYCAR COMPOUND FOR 
SPECIAL USES. Hycar 1042 has recently been 
developed for applications requiring a high 
building tack—drum and tank linings, roll 
building, hose fabrication, etc. The improved 
tack is a result of the combined action of 
Plasticizer KP-555 and Hycar 1312, a liquid 
nitrile polymer. Hycar 14312 also improves 
knitting of stocks during molding and curing. 
A filler with a lon seodiodihe structure 
(Pyrax A) inhibits blistering by allowing the 
escape ofair during thecalendering operation. 
Compounding is not critical, and ingredi- 
ents can be modified within fairly flexible 
limits to obtain properties desired 
for the application. The following recipe is 
recommended as a basic formulation for high 
tack compounds: 
Hycar 1042. 
HBS Zinc oxide . . 
Sulfur. . . . 
FEF Block. . 
Pyrax A .. 


Hycor 1312 . 

KP-555... 

... 

NBS Stearic acid _10 

209.1 

Note: Compound possessed very good tack. 
SPECIFICATION COMPOUNDING TO MEET 
DIFFICULT PRODUCT REQUIREMENTS. Despite 
the fact that the Hycar nitrile rubber family 
includes a broad range of types, requests for 
specialized properties are continually 
received. This is where our Product Applica- 
tion Laboratory steps in to develop and eval- 
uate specialized compounds. Two recent such 
developments are of interest: 


A low-swell, oil-resisting compound was re- 
quested for an accumulator bladder for 
hydraulic pressure systems. It was essential 
that tensile strength and elongation would 


be retained after oven aging, since the bladder 
is subjected to heat and alternate increase 
and release of pressure. Two compounds 
proved satisfactory, one based on Hycar 1042, 
the other based on Hycar 1002. 


A compound that maintained pro 
immersion in fuel was requested for a onthet 
application. A compound based on Hycar 
1041 and 1042 showed a volume wall af 
only 1%, and no change in hardness, a 
immersion for 60 days in Reference Fuel B, 
followed by 30 days drying. 


LIQUID GR-S POLYMER LOWERS VISCOSITY 
OF STANDARD GR-S. Ten to fifteen parts of 
Hycar 2000X68, a liquid GR-S polymer now 
in production, can be an equiv- 
alent amount of standard GR-S to lower the 
Mooney viscosity of the mixture to that of 
GR-S 1010. Since the latter is premium 
priced and difficult to manufacture, the liquid 
polymer should be useful and economical in 
many applications. 

Another use where the liquid polymer can 
prove valuable is in substituting for part of 
the Hycar in recipes to improve processin 
characteristics, in compounds where hig 
hardness is desired in the cured state. 


For further information on Hycar nitrile 
rubber, write Dept. ER-1, B.F.Goodrich 
Chemical Com any, 3135 Euclid Avenue, 
Cleveland 15, Ohio. Cable address: Good- 
chemco. In Canada: Kitchener, Ontario. 


Chemical Company 
@ division of The B.F Geodrich Company 


GEON polyviny! materials + HYCAR Americas rubber and later GOOD-RITE chemicals ond plasticizers HARMON colors 
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SYNTHETIC RUBBER 


is a product of the West, too! 


App sYNTHETIC RUBBER to the many bounties of the 
West! Shell Chemical’s plant at Torrance, California, 
produces a full line of butadiene-styrene type synthetic 
rubber to fill the needs of large and small Western 
manufacturers. 

Next time, try Shell synthetic rubber, available in a 
variety of solid types and liquid latices. It can do a 
better job for you. 

Convenient location and diversity of product make 
Torrance your logical source for synthetic rubber 
West of the Rockies. In addition, Shell’s Technical 
Service Laboratory is ready to help you find practical 
solutions for troublesome technical problems. 

Think of Torrance, California, whenever you need 
synthetic rubber. Our phone number in Los Angeles 
is FAculty 1-2340. 


SHELL CHEMICAL CORPORATION 


Synthetic Rubber Sales Division 
P. O. Box 216, Torrance, California 
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Goodrich-Gulf Chemicals, Inc. 


Ameripol 
Code 


HOT POLYMERS 


ble to 


General purpose hot rubber ada 
color 


most black products or products w! 
is unimportant. 


More resistant to staining and discoloring 
than 1002. 


Higher tensile and lower modulus in cured 
compounds than 1000 or 1001. Tends to 
slower curing, thus some adjustment might 
be necessary. 

Improved non-discoloring and non-staining 
polymer 


A glue-acid coagulated staining polymer 
with relatively low water absorption, low 
ash, and improved electrical properties 


Nof-staining cross-linked polymer. Use of 
small quantities with other type polymers 
effectively reduces shrinkage and die-swell 
in calender and extrusion operations. 


COLD NON.-OIL POLYMERS 


General purpose cold rubber where color 
and staining is unimportant. 

Same as 1500 except slightly staining stabi- 
lizer which permits use in some darker 
colored products. 

Relatively non-discoloring and non-staining 
cold rubber 


COLD OIL-EXTENDED POLYMERS 


General purpose relatively non-discoloring, 
non-staining polymer containing 25 parts 
oil, Presence of naphthenic oil may affect 
stain characteristics. 

General purpose polymer containing 25 
parts aromatic oil for use where staining, 
discoloring is unimportant 

Similar to 1703 but for 37.5 parts naphthenic 
oil, and emulsified with rosin soap rather 
than mixed soaps. 

Relatively non-discoloring, non-staining 
polymer containing 37.5 parts naphthenic 
oil. Glue acid coagulation provides lower 
water absorption and improved electrical 
properties. 

Similar to 1705 except for 37.5 parts of an 
aromatic oil. 

General purpose oil extended for use where 
color is unimportant. 37.5 parts high aro- 
matic oil, 


selection guide to 


A 24-page booklet 
“Ameripol—the pre- 
ferred rubber” lists tech- 
nical data, specifications, 
and physical properties. 
To get the facts on this 
referred material write 
or your free copy today. 


man-mad 


APPLICATIONS 


Tires, molded and extruded 

mechanical goods, and many gen- 

era] purpose applications. 

Tires, molded and extruded 
~ ee goods, shoe soles and 
ee 


Tires, molded and extruded 
mechanical goods. 


Light colored and white products 
such as white side-wall tires, shoe 
soles, floor tile, toys, ete 

Wire and cable insulation, eleo- 
trical matting, gaskets, hard rubber 
products, ete. 

Wherever control of shrinkage 
important—footwear, wire and 
cable insulation, calendered sheet 
goods, camelback, soles and heels. 


Tires, camelback, molded and ex- 
truded mechanical goods 


Tires, molded mechanical goods. 


Light colored and white products 

such as white sidewall tires, white 

and light colored mechanical goods, 

floor tile, hospital sheeting, toys, 
soles and heels. 


Light colored and white products 
—tires, mechanical goods, floor tile, 
hospital sheeting, toys, shoe soles 
and heels 

Tires, camelback, molded and ex- 
truded mechanical goods. 


Tires, camelback, shoe soles and 
heels, molded and extruded mechan- 
ical goods. 

Wire and cable insulation, athletic 
goods, coated fabries, molded and 
extruded mechanical goods. 


Tires, camelback, molded and ex- 
truded goods 


Tires, camelback, molded and ex- 
truded mechanical goods, wire and 
cable insulation. 


25 


rubber 


Goodrich-Gulf Chemicals, Inc., 3121 Euclid Avenue + Cleveland 15, Ohio 
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newer white reinforcing 


pigment replaces original grade of Columbia-Southern’s Hi-Sil 


There's an important change in the 
Columbia-Southern family of white 
reinforcing pigments. Hi-Sil 233, 
which provides more reinforcing 
but is lower in cost, now replaces 
Hi-Sil 101. 

During its two years on the 
market, 233 has proved itself an 
improved product, whether used in 
natural rubber, GR:S, butyl, or other 
synthetic stocks. Production of 


Hi-Sil 101 will therefore be dis- 
continued. Modest amounts of Hi- 
Sil 101 have been warehoused to 
avoid Customer inconvenience dur- 
ing the transition period. 

If you're not as yet familiar with 
the performance advantages of 
Hi-Sil 233... . or those of Calcene® 
and Silene®, for that matter .. . 
write for free working samples and 
specific recommendations. 


SUBSIDIARY OF PITTSBURGH PLATE GLASS COMPANY 


ONE GCATEWAT CEMTER FITTSEURGH 22) 


ADVERTISE 7 


RUBBER CHEMISTRY 
AND TECHNOLOGY 
KEEP YOUR NAME AND YOUR 


PRODUCTS CONSTANTLY BEFORE 
THE RUBBER TECHNOLOGIST 


CHEMICAL CORPORATION | Howton Dolles © Son Frances 
IN CANADA; Standard Chemical Limited 
ond its C ial Chemicals Division 


A advertising rates and information about 
available locations may be obtained from 
E. H. Krismann, Advertising Manager, Rub- 
ber Chemistry and Technology, care of E. I. 
du Pont de olin & Company, 40 East 
Buchtel Ave. at S. High St., Akron 8, Ohio. 


Now You Can Rely on 
Aging Results up to... 


tf 


with the new 


"600" 


LABORATORY AGING 
BLOCK 


Designed expressly for rubber and plas- 
tics laboratories . . . suitable for test-tube 
b aging similar to ASTM Method D-865- 
= 52-T, and aging in various fluids, such 
as oils and fuels. Meets all your high 
temperature aging requirements. 


Manufactured by 
Product Packaging Engineering 


@ AUTOMATICALLY controls temperatures from 100° to 600° F. 

@ Individual test tubes eliminate chance of circulatory air contamination. 
Each test sample isolated from all others. 

@ Built-in heating elements and temperature controls. Eliminate hazardous 
noxious fumes. 

@ Partlow Indicating and Proportioning-Type Thermostat Control used for 
EXACT temperature control. 

@ All units pre-calibrated at factory for complete precision. 

@ 13 holes symmetrically arranged for test tubes 38 mm. x 300 mm. 

@ Operates on 200-Volt, A. C. current, with five 500-Watt, 220-Volt heaters 
for rapid heating. 

@ Entire block of precision machined aluminum with removable bottom plate 
for easy maintenance. 

@ All external parts baked enamel and chrome plated. 

@ SIZE: 15 inches high, 18 inches diameter. Weight: 175 pounds. 

@ Equipped with secondary temperature control, integral with block. Pre- 

vents override of master control unit. 


Se C.P Hall Z 


CHEMICAL MANUFACTURERS AKRON, OHIO 
NEWARK, N. J. 
CHICAGO, ILL. 
LOS ANGELES, CALIF. 


Write for full details to: 

THE C. P. HALL CO. 

414 S. BROADWAY, AKRON 8, OHIO 
Sole Distributors 
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ST. JOE Rubboe 


$7. JOE lead-free ZINC OXIDES are available in a complete series of 


grades for rubber compounds. Quality control from ore to oxide is one 
of St. Joe’s most important production tools. This, together with 
prompt deliveries, unequalled and unbiased customer service, 


accounts for their rapidly increasing use in the industry. 


Black Label #20 
FINE PARTICLE SIZE fost Cure 


MEDIUM PARTICLE SIZE Fost Core 


oo Green Label #42A3 
MEDIUM PARTICLE SIZE Slow Ped Label +31 


FINE PARTICLE SIZE Surfoce Treated 
Green Label + 42-21 


Black Label #20 


SPECIAL GRADES FOR LATEX 


Black Label #20-21 Pellets 


Complete dota on all grades, ond somples for testing sent on request 
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For Pressure Ageing 
in Air or > 


Special units 
for non-pres- 
sure ageing, 
up to 1000°F 


MODEL LGP 
“Heatbath” 


to ASTM 
Specifications 


Each specimen 
contained a in 
separate “bomb” > 


No contamination. 
Positive isolation 
of specimens. 


Gor method of aluminum block construc- 
tion is the best know method of positively 
isolating specimens under test. This is vital, 
because at elevated temperatures, the plasticizer 
and other ingredients in elastomeric compounds 
become extremely volatile and tend to migrate 
between samples. If permitted, this exchange 
could reverse the physical evaluation being made 
on a laboratory scale, and completely upset the 
calculated performance in actual use. 


Model LGP is electrically heated, and is complete 
with integral controls, for simplicity and depend- 
ability of operation. 


Request Literature 


SCOTT TESTERS, ING. 
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RUBBER WORLD 


LEADERSHIP THROUGH SERVICE 


RUBBER WORLD has rendered outstanding 
service to its field for over sixty-five years— 
and does so today even more effectively than 


ever before. 


For the reader this means outstanding techni- 
cal data and articles edited by technically 
trained graduate chemists with actual rubber 


production experience. 


For the advertiser this means reaching the 
men responsible for the purchase of materials 
and equipment for the production of rubber 
articles—reaching them with the largest audi- 
ted coverage of the companies, the plants, and 
the people who compromise the total buying 
power in the rubber industry. 


RUBBER WORLD 
386 Fourth Avenue, New York 16, N. Y. 
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ANTIMONY SULPHIDE 


Regular Grades for Attractive Color 
Also 


A special grade for obtaining colored 
stocks having high abrasion resistance 


RARE METAL PRODUCTS CO. ATGLEN, PENNA. 


SUPERIOR ZINC CORPORATION 
121 North Broad Street Philadelphia 7, Penna. 


Works at Bristol, Pa. 


VULCANIZED VEGETABLE OILS 
RUBBER SUBSTITUTES 


REPRESENTED BY 


HARWICK STANDARD CHEMICAL CO. 


Akron — Boston — Trenton — Chicago — Denver — Los Angeles — Albertville (Ala.) 


z= 
since 9 
CARTER BELL PRODUCTS 
% 1903 é 
‘A, Vy 
%, 
Gp 
flo, 


32 RUBBER CHEM. & TECH.—Jan—Mar. 1957 


iqment for rubber, 
especially vinyls. 


P AL 
Synthetic 


i For full details, write our 
i Technical Service Dept. 


CLAYS, 


33 RECTOR STREET * NEW YORK 6, N. Y. 


WHITETEX 
i synthetic rubber or plasti Hil 
i 
A 
A Pro 
ved pigme 
types nt for Hil 
— 
= = i 
ed product for comP® 
rov rubber: 
| A tried and synthet 
No. 33 CLAY 
| For wire and Hl 
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Pounding 
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HUBER CARBON BLACKS 


Wyex EPC Arogen GPF 

Easy Processing Channel Black General Purpose Furnace Black 

Arrow MPC Aromex CF 

Medium Processing Channel Black Conductive Furnace Black 

Essex SRF Aromex ISAF Intermediate 

Semi-Reinforcing Furnace Black Super Abrasion Furnace Black 

Modulex HMF Arovel FEF 

High Modulus Furnace Black Fast Extruding Furnace Black 
Aromex HAF 


High Abrasion Furnace Black 
HUBER CLAYS 


Suprex Clay . ee High Reinforcement 
Very Low Grit, High Reinforcement 
Paragon Clay . . - « Easy Processing 
LGP e "Ven Lew Grit, Easy Processing 


Hi- White R . je Witte Color 


HUBER RUBBER ALS 
Turgum S, Natac, «  Resin-Acid Softeners 
Aktone . .. . Accelerator Activator 


TEEEYEOHTWO 
4 


titanium dioxide white pigments 


TITANIUM PIGMENT 
CORPORATION 
e Broadway, New York 6, M. Y. 
Subsidiary of National Lead Company 


TITANOX 


ea, *TITANOX is a registered trademark for the full line of 
NN titanium pigments sold by Titanium Pigment Corporation. 
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RUBBER INDUSTRY | 
ZINC OX! DES 
| 
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| VU LC ACU RE’ Aqueous suspensions of ultra 
accelerators 
| VU LCARITE’ A series of water dispersions of __ ||| 
latex compounding chemicals i] 
HI ALCOG M Sodium polyacrylate latex | | 
| U thickener and stabilizer Hy 
Vv U LCA N 0 L° Latex compounds of | 
proven quality 


Technical information and samples forwarded 
promptly upon request. 


ALCO OIL & CHEMICAL CORP. | 


TRENTON AVE. AND WILLIAM ST., PHILADELPHIA 34, PA. + GARFIELD 5-0621 


FOR SALE 


One (1) complete set of Rubber Chemistry . 
& Technology in good condition. An 
exceptional buy for Industrial, Public or 
private library. 


For price and availability write: 


George E. Popp, Treasurer 

Division of Rubber Chemistry, A.C.S. 
318 Water Street 

Akron 8, Ohio FRanklin 6-4126 
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RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 


INDEX TO ADVERTISERS 


Alco Oil and Chemical Corporation 

American Cyanamid Company, Organic Chemicals Division. . . . 
American Zinc Sales Company 

Cabot, Godfrey L., 
Carter Bell Manufacturing Company, Ee 
Columbia-Southern Chemical Corporation . 

Columbian Carbon Company (Opposite Table of Contents) . 

Du Pont, Elastomer Chemicals (Che »micals) 

Du Pont, Elastomer Chemicals (Neoprene). . 

Enja 

Goo rich, B. F., Chemical Company (Hycar Division) 
Goodrich Gulf Chemicals 

Goodyear, Chemical Division 

Hall, C. P. Company, 

Harwick Standard Chemical Company 

Huber, J. M., Corporation 

Monsanto Chemical Company 

Naugatuck Chemical Division (U.S. Rubber Company) Chemicals 
Naugatuck Chemical Division (U.8. Rubber Company) Naugapol 17 
Neville Chemical Company 15 
New Jersey Zinc Company, The. . 

Phillips Chemical Company (Philblack) . 

Phillips Chemical Com ipany (Philprene). . 

Rare Metal Products Company 

Richardson, Sid, Carbon Company 

Rubber Age 

Rubber World 

St. Joseph Lead Company 

Scott Testers, Inc 

Shell Chemical Corporation 

Southern Clays, Inc... . 

Stamford Rubber Supply Compan} 

Sun Oil Company, Sun Petroleum ore (Opposite Title Page) 

Superior Zinc Corporation 

Thiokol Chemical Corporation 

Titanium Pigment Corporation 

United Carbon Company 

Vanderbilt, R. T. Company 

Witco Chemical Company (Opposite Inside Front Cover) 
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Essential Reading for Rubber Men— 


RUBBER: 
Natural & Synthetic 
By H. J. STERN 


New text book on Production 
and Processing including Com- 
pounding Ingredients, Machin- 
ery and Methods for the 
Manufacture of various Rubber 
Products. 


200 Illustrations—491 Pages 


$12.00* Postpaid 
(Sold Only in U.S. and Canada) 


LATEX 
IN INDUSTRY 


By ROYCE J. NOBLE, Ph.D. 


Second Edition of this well- 


known Text Book on Latex. 


912 Pages—25 Chapters 
Bibliography—I ndexed 


$15.00* Postpaid in U.S. 
$16.00 All Other Countries 


RUBBER 
RED BOOK 


Directory of the 
Rubber Industry 
Contains Complete Lists of Rub- 
ber Manufacturers and Suppliers 


of Materials and Equipment, 
Services, etc. 


Tenth Issue—1955—56 Edition 


$10.00* Postpaid 


RUBBER AGE 


The Industry's Outstanding 
Technical Journal Covering the 
Manufacture of Rubber and 
Rubberlike Plastics Products. 


SUBSCRIPTION RATES 


U.S. Canada Other 
1 $5.00 $5.50 $6.00 
2 Years . 7.50 8.50 9.50 
3 Years 10.00 11.50 13.00 


Single copies (up to 3 months) 50¢ 
Single copies (over 3 months) 75¢ 


PALMERTON PUBLISHING CO., INC. 
101 West 3lst St., New York 1, N. Y. 
(*) Add 3% Sales Tax for Copies to New York City Addresses 
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RELY on NEOPRENE 


TO MAKE A BETTER PRODUCT 


There’s a type to meet your exact requirements... 


DRY NEOPRENE 


GENERAL-PURPOSE TYPES 
TYPE WwW... Possesses outstanding stor- 
age stability and excellent processing 
characteristics. Produces vulcani- 
zates having light color, good heat re- 
sistance and low set. 
TYPe WX... For use where properties of 
Type W are desired, plus intermedi- 
ate crystallization resistance. 
TYPE war . For use wherever the 
properties of Type W are desired plus 
maximum resistance to crystalliza- 
tion. 
TYPE WHY... For low-cost compounds 
when loaded with substantial amounts 
of oil and filler. It is a high-viscosity 
Type W. 
TYPEGN .. . Suitable for use in non- 
staining and light-colored compounds. 


TYPEGN-A.. . Contains a stabilizer that 
results in improved storage stability; 
will stain and discolor. 

TYPE Gat... . Recommended for com- 
pounds requiring improved tack re- 
tention and maximum resistance to 
crystallization. 


SPECIAL-PURPOSE TYPES 


Type AC... . Especially developed for 
quick-setting adhesive cements. Su- 
perior in stability and color. 

TYPE KNR Especially developed 
for high-solids cements, putties and 
doughs. 

Types ... Especially developed for 
crepe soles. Also used as a stiffening 
agent during processing of other neo- 
prenes. 


NEOPRENE LATEX 


TVPE 571 (Solids 0% 1%) 


1%) —Fast-setting, high wet strength type for adhesives. TYPE GOUA (Solids 59%, + | 
rystallization. TYPE 73S (Solids 37.5 1.5%) —A 


d with other 
g. Used w e 


coated g ds and for foam. Improved resistance t 
ted for papermakir 


ty TYPE635 is % 


sol type lotex. Specially + 


extenst 


1.5%) —A more stable form of Type 735 for use in 5 


eral -purpote fast 


dipping, saturat 


General-purpose type for most aps 


reamed form of 
Ipermakir 
ng type; v mizates hove impor 


ond as a binder for fibers. TVPE 980 (Solids & 
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NEOPRENE RESISTS: Heo! 
Sunlight Ozone Oils Grease Chemicals 


Aging Abrasion « Flame Flex Crocking 


Akron 8, Ohio, 40 E. Buchtel Ave 
Atlanta, Ga., 1261 Spring St., N.W 


E. I. du Pont de Nemours & Co. (Ine.) 
Elastomer Chemicals Department 


DISTRICT OFFICES: 


Boston 10, Mass., 140 Federal St 
Chorlotte, N. C., 427 W. 4th St 
Chicago 3, Ill., 7 South Dearborn St 


POrtage 2-8461 
TRinity 5-5391 


Detroit 35, Mich., 13000 W. 7-Mile Rd 
Houston 25, Texas, 1100 E. Holcombe Bivd 
Los Angeles 58, Calif., 2930 E. 44th St 
Trenton 8, N. J., 1750 No. Olden Ave 
Wilmington 98, Del., Morket St 
In New York coll WAlker 5-3290 
in Canada contact: Du Pont Company of Canada (1956) Limited, 
Box 660, Montreal. 
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You can depend upon the Precision char- 
acter of Harwick Standard Chemicals re- 
gardiess of the quantity requirement. . . 
Here is dependable assurance of uniformity 
in any type compounding material for 
rubber and plastics to give certainty in 
product development and production runs. / 
Our services are offered in co- 
operative research toward the 
application of any compounding 

material in our line to your 
production problems. 


HaRwick STANDARD CHEMICAL Co. 


AKRON 5&, OHIO 


BRANCHES: BOSTON, TRENTON, CHICAGO, LOS ANGELES 


for ALL 
| 
RA-COUMARON JNDENES/: 


ZINC 

OXIDES 


FORMULATE FAS TER! 


. ++ Because the Horse Head line comprises the most 
complete family of Zinc Oxides for rubber: 


1. It is the only line having such a wide range of particle 

sizes, surface conditions and chemical compositions. 

2. Its conventional types cover the range of American 

and French Process oxides. 

3. Its exclusive types include the well-known Kadox 

and Protox brands. 

That means you need not waste time adapting a single 
Zinc Oxide to each specific compound. Instead, just choose 
from the Horse Head line the Zinc Oxides that best meet 
your needs. 


rormutate BETTER! 


- Because you need to less when you 
choose from the wide variety of Horse Head Zinc Oxides. 
Because the Horse sham 


properties of your compo 

manufacturers have used more tons of Horse Head Zinc 
Oxides than of any other brands. 


THE NEW JERSEY ZINC COMPANY 


Producers of Horse Heod Pigments 
. . the most complete line of white pigments 
Titonium Dioxides and Zinc Oxides 


160 Front Street, New York 38, N. Y. 


